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ABSTRACT
Natural and synthetic macroinitiators with primary
amino substituents have been synthesized by one of the
following techniques: 1) cyanoethylation of cellulose
followed by diborane reduction to produce 0-(3-aminopropyl)cellulose, [1], 2) reduction of 6-azido-6-deoxycellulose acetate with 1,3-propanedithiol to 6-amino-6deoxycellulose acetate, [2], 3) reduction of 2,3-0-diphenylcarbamoyl-6-azido-6-deoxycellulose with 1,3propanedithiol to 2,3-0-diphenylcarbamoyl-6-amino-6deoxycellulose, [3], 4) nitration then SnCl2 reduction of
poly(arylene ether sulfone) to produce poly(3-aminoarylene ether sulfone), [4], 5) phthalimidomethylation
then followed by hydrazinolysis to yield poly(3-aminomethylarylene ether sulfone), [5], and 6) L1A1H4
reduction of poly(2-cyano-l,3-phenylene arylene ether) to
poly(2-aminomethy1-1,3-phenylene arylene ether), [6].
Heterogeneous grafting of y-benzyl-L-glutamate-Ncarboxyanhydride, (BLG-NCA), onto polymer [1] resulted in
a non-random distribution of peptide residues; a-helical
conformations were detected at low BLG-NCA / amine feed
ratios (< 5).

Homogeneous grafting of BLG-NCA onto

soluble polymer [2] in DMF at room temperature was
carried out with high grafting efficiency (> 80%).
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In

that case, the concentration of macroinitiator [2] in DMF
was an important factor in controlling the grafting
efficiency.

Macroinitiator, [4], which contains aromatic

amino functions, is not nucleophilic enough to initiate
BLG-NCA polymerization even under homogeneous conditions.
Using molar ratios ranging from 1 to 100 of BLG-NCA
relative to the amine concentration, grafting to
polymers, [5] and [6], was effected in anhydrous THF at
room temperature under homogeneous conditions.

If

reaction times between 24 and 48 h were utilized, high
grafting efficiencies (> 80%) were also obtained.

The

conformation of the polypeptide chain was evaluated by
NMR and IR spectroscopies.

Polypeptides grafted to

polymers, [5] and [6], appeared to adopt the expected
conformation for the chain length predicted, i.e. a
progression from random coil (D.P.< 4) to ^-pleated sheet
(9.3 < D.P.< 13.6) to

a-helix (D.P.> 15).

The benzyl ester functions on the BLG grafts are
subject to direct modification with amine nucleophiles.
Water-soluble graft copolymer, [53], was obtained under
aminolysis with tris(hydroxymethyl)aminomethane in DMSO
at 65<>C for 180 h.

Studies with n-butylamine correlate

reaction conditions with extent of ester modification vs
peptide cleavage.

In the presence of 1-hydroxybenzotri-
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azole, aminolysis of the ester is effected without
peptide cleavage.

Completely hydrolyzed BLG grafts,

[55], are obtained with 1.25N NaOH within 5 h at room
temperature.
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ABBREVIATIONS
Ac
AEG
AECC
AIBN
Ala
AMAE
AMP
AMPS
APC
BLG
BPO
Cbz
CEO
CMC
CDEMA
DABCO
DCM
D.F.
DMAc
DMF
DMSO
D.P.
D.S.
EtOH
HAEPC

:acetyl
:0-(2-aminoethyl)cellulose
:(2-aninoethyl)carbamoylcellulose
:4,4'-azobis isobutyronitrile
:alanine
:poly(2-aminomethylphenylene arylene ether)
:poly(3-aminoarylene ether sulfone)
:poly(3-aminomethylarylene ether sulfone)
:0-(3-aminopropy1)cellulose
:y-benzyl-L-glutamate
:benzoyl peroxide
:carbobenzyloxy
:cyanoethylcellulose
:carboxymethylcellulose
: celluloseureadoethyl methacrylate
:1,4-diazabicyclo[2,2,2]octane
:dichloromethane
:the degree of functionality
:N ,N-dimethylacetamide
:N ,N-dimethylformamide
:dimethylsulfoxide
:the degree of polymerization
:the degree of substitution
:ethyl alcohol
: 0-[2-hydroxy-3-(2-aminoethylamino)propyl]cellulose
HAHPC : 0-[2-hydroxy-3-(6-aminohexylamino)propyl]cellulose
HAPC
: 0-(2-hydroxy-3-aminopropyl)cellulose
ICEMA
:2-isocyanatoethy1 methacrylate
IR
:infrared
KPS
:potassium persulfate
MABOMC :m-aminobenzyloxymethylcellulose
MeOH
:methyl alcohol
NCA
:N-carboxyanhydride
NMP
:l-methyl-2-pyrrolidinone
NMR
:nuclear magnetic resonance
ORD
:optical rotationary dispersions
PBLG
:poly(y-benzyl-L-glutamate)
ppm
:parts per million
PVA1
:poly(vinyl alcohol)
THF
:tetrahydrofuran
TFA
:trifluoroacetic acid
TFAA
:trifluoroacetic anhydride
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CHAPTER 1

SYNTHESIS OF AMINO FUNCTIONALIZED CELLULOSE

1

1 .1. IntroductIon
When God created the earth, woods and plants sere
left to be challenged by human-beings.

It is our

responsibility to utilize God's benefaction for our
common prosperity while preserving the basic gifts for
our offspring.

In plants, the main component, cellulose

is found in close association with other substances, such
as lignin, hemicellulose, and terpenes.

One typical

example* for the composition of wood is on the Figure
1- 1 .

Soft Wood
A
52%

B
17%

s

C
D'
27% 3 I

Hard Wood
A
54%

B
21%

f

C
D'
22% 3 I

Figure 1-1. Typical composition of wood; A) Cellulose,
B) Hemicellulose, C) Lignin, and D) Extractive^*.

Since Anselme Payen* discovered and named the
substance isolated from the green plants cellulose in
1838, research on modification and application of
cellulose, which is a major renewable and biodegradable
resource material through the world, has lead to an ever

widening range of cellulosic products.

Fibers with

improved properties, such as solubility, dyeability, and
wrinkle-, flame-, heat-, rot-, and microorganismresistance, have evolved.

Cellulose films revolutionized

the packaging industry because the contents of a package
were visible enough to examine the quality without
unwrapping the package.

Collodion was applied by the

medical profession as a wound sealant; applications of
cellulosics in medicine continue to grow.

Careful

analysis of each application reveals that an
understanding of the impact of cellulose structure is the
key to optimum utilization.
Characterization of the physical and chemical
properties of each derivative on at least the following
structure levels is required:(1) the molecular level, (2)
the supermolecular level, and (3) the morphological
level, as defined by KrSssigS.

The supermolecular and

morphological levels are concerned with the properties of
chain assemblies and their relative distribution within a
given sample; this evaluation is beyond the scope of this
dissertation so only the molecular level will be
considered in describing the chemical modifications of
cellulose in this chapter.
It is generally accepted-* that cellulose is a linear
condensation polymer of D-anhydroglucopyranose (glucose
in abbreviation) linked by /3~1,4-glucosidic bonds as

illustrated in Figure 1-2.

The older Haworth* projection

(structure B) is still used because it can adequately
describe many of the reactions, but the stereochemical
implications are lost.

ChfeOH

CHzOH

CHzOH

OH

B)

OH
OH

OH

Figure 1-2. Structure of cellulose; A) Threedimensional projection, and B) Haworth projections.
In defining chemical reactivity, cellulose can be
considered as a polyhydroxy substance containing primary
and secondary alcohol groups.

The hydroxyls exhibit

differing reactivity due to the extensive intra- and
intermolecular hydrogen bonding in native cellulose.
Even though the glucosidic bonds and terminal hemiacetal
functions are also sometimes important, the degree of
polymerization (D.P.) of cellulose is usually so high
that it is the functionality of each glucose unit that
determines the general properties of chemically modified

5
cellulose.

Therefore, general modification of hydroxyl

functions on cellulose is a focus for the organic polymer
chemists striving to produce new cellulose products.
Cellulose, as a typical polyhydroxy substance, can
undergo esterification with either acid anhydrides or
acid chlorides and etherification either through a
nucleophilic substitution or a Michael reaction.

Several

reviews describing the preparation and application of
cellulose esters®-9 or cellulose ethers1 0 - 1 3 have been
published.

The focus of this discussion will be limited

to the preparation, further chemical modifications and
applications of cellulose derivatives containing primary
amino groups.

Polyamino substances are very important

for biological and medical applications, as well as
industrial purposes, such as curing agents for epoxy
resins, and acid scavengers.

A chemically modified

cotton in which amino groups are introduced into the
cellulose molecule, is known to have an excellent
affinity for wool-type acid dyes, good ion-exchange
capacity, and a high degree of reactivity.
Synthesis and applications of polyamines have
received extensive attention in the last few years 1 4. 1 5.
Among the natural polyamines, chitin is the most widely
found and utilized*®.

Although chitin is widely

distributed, the common methods used to isolate, to
purify and to convert chitin to the amino analog,

chitosan, can lead to extensive degradation of the
polysaccharide backbone.

In the early phases of process

development, the chitosan isolated was a relatively low
molecular weight material, but extensive research on the
purification procedure has lead to commercial products
with a wide range of molecular weights.

Many potentially

commercial applications for chitosan derivatives, such as
waste water coagulants, wound-healing promotors, surgical
sutures, encapsulating agents, and food thickeners, have
been suggested.

However, market development is hampered

by the limited number of suppliers, i.e. one firm each in
the U.S. (Protan Laboratories) and Japan (Kurita Water
Industries).

Development of

aminocellulose derivatives,

which could be synthetic replacements for chitin
derivatives in many applications, would assure a raw
material supply for potential customers and increase the
market for chitosan as well as chitosan analogs.

A more

complete discussion of chitin chemistry will appear in
Chapter 4.
In analogy to natural chitin-protein complexes,
grafting of aminoacids to natural polymers, especially
aminocellulose derivatives, produces completely bio
degradable biocomposites.

These composites may also

exhibit properties suitable for applications as
biodegradable carriers for pharmacons and agricultural
chemicals, biomembranes, and chiral adsorbents for

optical resolution.

Further, an investigation of the

properties of materials produced by grafting N-carboxyanhydrides (NCA's) of aminoacids to proteins, natural
polymers and synthetic polymers can provide useful
insights on the function of natural polymer-protein
complexes.

1.2. Aminocellulose Derivatives
1.2.1. Aromatic Aminoce1lulose Derivatives
Chemical mod if icat ion of cellulose or its derivatives
by introduction of aromatic amino groups has been
explored.

The aromatic amines play an important role in

processes for the grafting of vinyl monomers, or as
immunoadsorbents for the biological materials.
The first cellulose derivatives containing aromatic
amino groups were reported by Campbell*? in 1951.

Since

that time, publications concerning their preparations and
applications have appeared regularly.
group*8-2i

The Dumitriu

reviewed the preparation of numerous aromatic

amino cellulose derivatives (Scheme

1 -1 )

along with their

applications via diazotization in the grafting of vinylic
monomers, such as acrylonitrile, acrylic acid, 4-vinylpyridine, methyl methacrylate, and N-vinylpyrrolidone.
Several

r e p o r t s ® 2-24

on the application of aromatic

amino cellulose derivatives as immunoadsorbents have been
appeared.

Host of the older results indicated that these
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iicheie 1-1. Aronatic Aninocellulose Derivatives18-*!.

immunoadsorbents were not useful for isolation of pure
antigens.

However, Chidlow et aJ.25 and Davis et al. 26

obtained successful results by using diazotized
m-aminobenzyloxymethyIce 1lulose (HABOMC) with antibody
proteins, such as rabbit antibovine serum and human
C-reactive protein, as the insoluble matrices for the
immunoadsorbents.

The HABOMC derivative was also used

without diazotization by reaction of 2,4,6 -trinitrochlorobenzene for conjugation of trinitrophenylated
hapten antigens by Borek et al.27.
Another useful approach to introduce aromatic amino
groups onto cellulose employed 2-[(4-aminophenyl)sulfonyl]ethyl sulfate as a

reagent

28- 3 2 (Scheme 1-2).

Scheme 1-2. Reaction of Cellulose with 2—[(4-Aminopheny1)suIfony1]ethy1 Sulfate2®

C o 1 1 -O H

♦

HCHO

I

HC1

C ell-O C C H zO Jh H

NaOaSO-CHiCHz-SOz
ir

Col l-ocCH zO ^-CH zC lfe-Stfe-© -N lfe

NHz
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These aminated cellulose derivatives were used for enzyme
immobilization30•3i and were modified further with
8 -hydroxylquinoline33.

A novel method33 for the introduction of aromatic
aminocellulose derivatives by reacting cellulose with
2

,4-dlchloro-6-(p-nitroanlllno)-tf-trlazine in the

presence of alkali and subsequent reduction of the nitro
group to an amino group was also reported (Scheme 1-3).
The optimum reaction conditions, like alkali
concentration, reaction temperature, reaction time, and
solvent system, were defined clearly.
Scheme 1-3. Introduction of Aromatic Amino Group onto
Cellulose with Triazine Derivative33

C o ll-O H

♦

C I-^ Y N H -^ N O j
NiyN
Cl

L o OH

Can-0-f>N > N H ^ ^ « 0 2

Ntr
[HI

Call-O-f'Vfl+^NHe
N<yN

Cl

Similar cellulose derivatives containing triazine
coupling units Here also investigated by a different
methods4.

These derivatives, prepared by activation of

cellulose with cyanuric chloride*5»

and reaction with

3-aminofluoranthene* *, mere used for the detection of
hydrogen peroxide.
Beddows et al.*i used a tricarbanylated or
methylolated cellulose prepared by the method of Guthrie
et aJ.**-4l as a substrate for direct nitration of
pendant aromatic rings.

Seduction of these nitrated

cellulose derivatives by either of two nays; a) by using
hydrazine in THF and Raney nickel**, or b) by using
Zn-HCl*i, gave the corresponding amino cellulose
derivatives.

These derivatives showed some advantages

for enzyme immobilization, because their properties could
be balanced between hydrophilic and hydrophobic
materials.

1.2.2. Primary Aminoalkylcellulose Derivatives
1.2.1.1. 0-(2-Aminoethyl)cellulose
The most common amino derivative of cellulose is an
0-(2-aminoethy1)cellulose (AEG).

Three aminoethylating

reagent8 have been introduced in the preparation of ABC;
a)

2 -aminoethy1

halides, b)

2 -aminoethylsuIfuric

and c) ethylenimine (or aziridine).

The first

preparation of AEG was patented by Hartmann** by

acid,

12
disclosure of the reaction of cellulose with aminoethyl
halides.

However, the structure of the derivatives was

complex due to further reactions of the ABC intermediate,
and this method is no longer used to prepare ABC.

A

cleaner preparation of ABC employing 2-aminoethylsulfuric
acid in the presence of base, specifically sodium
hydoxide (NaOH) or potassium hydroxide (KOH), was
reported by Guthrie** in 1947.

Several modifications of

this method were also developed*5-50.

Typically,

treatment of scoured or bleached cotton sheet with a
solution prepared from

20

parts of

2 -aminoethylsulfuric

acid and 80 parts of 37.5% aqueous NAOH at 130®C for 15
min gives ABC with 1.20% nitrogen contentsso.

Hydrolysis

of ABC prepared by this method lead to a mixture of
glucose and mono-0-(2-aminoethyl)-D-glucopyranoses which
were identified by chromatography.

The distribution

ratio of aminoethyl substituents in the 3-0- and 6-0position of the glucose units of cellulose was estimated
to be 0.2 : 1.0 from analysis of a hydrolyzate of ABC
(D.S.= 0.14), but the total substitution in the 2-0position was not reported5o .
The newest method for ABC preparation from cellulose,
such as sulfite pulp, was invented by Soffer and
Carpentersl.

Unfortunately, this procedure employs a

highly carcinogenic reagent, ethylenimine, and has
limited applicability.

A solvent-exchange procedure

followed by liquid phase reaction of ethylenimine with
cellulose in a nonpolar solvent was developed by
Britton ® 2 to assure the formation of AEC with a uniform
distribution of substituents.

In 1969, Hartman53 applied

cataysts or promotors, such as trimethylammonium
chloride, tetramethylammonium chloride, tetraethylammonium bromide, ammonium fluoride, alkyl halides,
benzyl chloride, allyl chloride, ethylene chlorohydrin,
hydrochloric acid, and AlCls.6 H 2 O, in the reaction of
ethylenimine and cellulose activated with gaseous
ethylene oxide over calcium chloride, to make AEC with
high nitrogen contents(26.9%).

This method was also

effective for the aminoethylation of methylcellulose,
hydroxylethylcellulose, carboxymethylcellulose (CMC), and
regenerated cellulose.
A novel process5* for AEC utilizing the reaction of
cellulose and a molecular complex of ethylenimine and
sulfur dioxide (SO2 ) was patented about 15 years ago. The
major advantages of this process are; a) SO 2 is a weak
acid, making the reaction mixture less corrosive and
o
easier to handle, b) SO 2 is volatile and easily removed
from the product, and c) SO 2 is substantially inert to
the hydroxyl substrate, i.e. it does not degrade or
decompose the cellulose.
AEC has found many applications.

Ammonium salts of

AEC were applied to an electrostatic printing papers 5 .

Water-insoluble AEC derivatives of protein antigens have
been used extensively as immunoadsorbents for the
isolation of antibodies.

Proteins have been coupled with

retention of their biological activities onto insoluble
AKC by a wide variety of methods, which are being
revealed in approximately one hundred publications
annually.

Heparin coupled AEC tubing at low levels of

aminoethylation (0 .2 -0 .3% nitrogen content) exhibited
excellent antithrombogenic properties as well as
excellent mechanical strength.

Fully reversible and

highly stable immunoadsorbents were prepared by coupling
of blood group substance A onto AEC using cyanogen
bromide activation56 or by coupling of sperm-whale
myoglobin®7 or Coomassie Blue

6-25058

onto AEC.

Recently, Katrukha et al.59 developed a new adsorbent for
affinity chromatography, based on AEC modified with
D-Ala-D-Ala-OH.

It showed a high sensitivity for

separation and purification of vancomycin glycopeptide
antibiotics. AEC was also used for a permselective ion
exchange

membrane®

o.

Some other known chemical

modifications of AEC are shown in Scheme

1.2.2.2.

1 -4 8 1 -8 7 .

0-f 2-Hydroxy 1-3- (a>-amlnoalkylamlno)propyl-

cellulose
Cellulose derivatives prepared by treatment of
activated alkali cellulose with epichlorohydrin followed
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-» C a l l - 0 CHgCH 2N ( C H 2C H 0)2

0
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N C H z C H g O -C o ll

Scheme 1-4. Chemical Modifications of Aninoethylcellulose*1-*7 •

by modification with various diamines®®-72 (Scheme 1-5)
can be taylored to specific application.

For example, an

0-[2-hydroxy1-3-(2-aminoethylamino)propyl]cellulose
(HAEPC) produced from ethylene diamine®® can be applied
as protective colloid during suspension polymerization of
vinyl chloride®®.70.
Scheme 1-5. Formation of 0-[2-Hydroxy 1-3-(oi-aminoalkylamino)propyl]cellulose«®-7 2
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C ell-O C H jC H -C hfe

V
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w
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on
Cq 11 -OCHgCHCHgNH ( C H g ) ^

Ose of longer chain diamines extends the free amino
function from the polymer backbone and allows more
polymer-polymer interaction to occur.

The

0 -[2 -hydroxy1-

3-(6-aminohexylamino)propyl]cellulose (HAHPC) can be
prepared by either of two methods; a) similarly to HAEPC

through reacting of alkali cellulose with epichlorohydrin
at 60<>C for 30 ain, and followed by hexaaethylenediamine
at 60©C for 2h7 i, or b) in one-step reaction by treating
powdered cellulose with NaOH, epichlorohydrin, and
hexamethylenediamine in the presence of Zn(BF 4)2 or
sodiua borohydride (NaBH<)72.

These aminated cellulose

derivatives were utilized successfully for enzyme
immobilizations, and for protein7 * or pyrogen7 2
adsorption.

In a similar fashion, a one-step procedure

yielding 0-(2-hydroxyl-3-aminopropyl)cellulose (HAPC) was
also reported7

Reaction of microcrystalline cellulose

with epichlorohyrin in ammonium hydroxide solution in the
presence of NaBH 4 at 40-60°C produced an AHPC with
0.110-0.465 meq/g of amino groups.

1 .2.2.3 . (2-Aminoethyl)carbamoylcellulose
A (2-aminoethy1)carbamoyIce1lulose (AECC) can be
synthesized from CMC as follows; CMC prepared from alkali
cellulose and chloroacetic acid, was mixed with an
ethanolic ethylenediamine solution and allowed to stand
at room temperature for 72 h 75.
Water-soluble AECC could be obtained using a process
revealed by E. Diener et al.7» ,7 7 ; the key-step for this
process is careful control of pH at 5.0 during the
reaction (Scheme 1-6).

These AECC were effective in

removing Hg(11 )7 5 and Cu(11)7•. The coupled product of

this water-soluble AECC with dinitrophenylsulfonic a c i d ™
or penicillin G 77 was shown to induce immunological
tolerance to allergens in male mice 60-90 days old.
Covalent immobilization through reductive alkylation of
AECC and an aldehyde functional group on flavin was also
reported by Montaine et ai.7®.
Scheme 1-6. Formation of Water-soluble (2-Aminoethyl)
carbamoylcellulose7 ® .77
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Cell-OH

♦

CICH2COH
NaOH
0

Cel I-OCH2CO *Na +
NH2CH2CH2NH2 / H2O
pH"5, R. T.
OH
Cel I-OCH2CNCH2CH2NH2

1.2.2.4. Miscellaneous Aminocellulose Derivatives
Aminated cellulose for affinity chromatography was
obtained by Hofmann rearrangement of carbamoylethylcellulose with Br 2 /NaOH at 67-70®C for 30-120 min®® as

19

shown in Scheme 1-7.
Scheme 1-7. Hofmann Rearrangement of Carbamoylethylcellulose®®

§
C e 11 -OCf-feCHgCNhfe

NaOH / Br2
------------------- t

C q 11 -O -C H z C H z -N -O Q

70 *C

Cell-OCHfeChfeNhfe

Acrylamidomethylcellulose, prepared from cellulose and
N-(hydroxymethyl)acrylamide, could also be converted to
the corresponding amino cellulose derivative by the
reaction with ammonia®! (Scheme 1-8).
Scheme 1-8. Reaction of Acrylamidomethylcellulose
with Ammonia® *.

Cell-OH

♦

OH
H°
CHz-CHCNCHzOH ----- ► Cell-ODVCCH-CHz
NHj
HO
Cel l-0CHeNCCH?CH2

NHz

Zilkha et aJ .®2 described the formation of amino acid
derivatives of cellulose acetate from the reaction of
NCA's of several amino acids, such as D,L-phenylalanine,

20
y-benzy1-L-glutaaate (BLG), S-benzyl-L-cysteine, and
sacorsine with a sodium cellulosate.
The sodium cellulosate of partially hydrolyzed cellulose
acetate was prepared in dioxane by irreversible proton
abstraction with sodium naphthalate. In all cases, the
cellulose acetate derivatives contained only single amino
acid groups; no long chain peptide grafts were reported
(Scheme 1-9).
Scheme 1-9. Introduction of Aminoacids onto Cellulose
Derivatives#2

0

"01No* / THF

OR

1.3. Synthesis of Q-(3-Aminopropyl)cellulose, f11
Michael addition of acrylonitrile to cellulose has
been studied extensively®3■ **.

Facile preparation of

cyanoethylcellulose (CEC), [7], with any degree of
substitution (D.S.) and showing a strong IR absorption

band at 2253 cm-i for the nitrile group (Figure 1-3), is
possible.

We have utilized these derivatives as starting

materials for 0-(3-aminopropyl)cellulose, (APC), [13Our results for the preparation of [7] are shown in Table
1-1 and Table 1-2.

The premixing period is also

important factor for controlling the D.S. of cyanoethy1ation; we found that longer premixing before adding
acrylonitrile improved the D.S. of cyanoethylation, but
premixing for more than

2

h did not accelerate the rate

of cyanoethylation. In fact, a reduction in D.S. after
longer times due to reverse Michael reactions is
observed.

Table 1-1. PREMIXING EFFECT ON CYANOETHYLATION OF
CELLULOSE
Cellulose Acrylonitrile
(g)
(»L)
10.0

240

Premixing Time
(min)
60
95
120

240

D.S.(Cyanoethyl)
0.29
0.77
1.15
0.92

* 10 mL of 12% NaOH was added after desired premixing
time.
* Reaction Conditions; 65 min, room temperature.
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Table 1-2. EFFECT OF REACTION TIME ON CTANOETHYLATION
OF CELLULOSE
Cellulose Aerylonitrile
(g)
(mL)
10.0

Reaction Time
(min)

240

45
65
80
90
120

D.S.(Cyanoethyl)
0.48
1.15
1.40
1.70
1.75

* 10 mL of 12% NaOH was added after 120 rain of premixing
tine.
* Reaction Conditions; room teraperature.
Reduction of the cyano group to the corresponding
priraary amine represents an indirect approach to the
synthesis of high capacity cellulosic ion-exchange
resins.

Catalytic hydrogenation of [7] has been

d e s c r i b e d * 5,

however, extreme conditions are required

(150°C, at 1500psi), and one would expect degradation to
acconpany this procedure.

Aside frora a statement that

higher D.S. products become more brittle, no physical
properties were given and the chemistry of the product
was not discussed.

Since hydrogenation over Pt catalysts

usually leads to extensive formation of secondary and
tertiary amines, one should anticipate that the reduced
products would be highly crosslinked.

Further evidence

for the formation of crosslinked product can be inferred
from the data reported on reduction of cyanoethyl ether
of poly(vinyl alcohol) with hydrogen in the presence of
Raney nickel**.

Reduction of 80% of the substituents on
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a poly(vinyl alcohol) with a degree of cyanoethylation of
45% did not yield a derivative soluble in water or polar
solvents.

The product was described as a rubber-like

mass.
Daly et al . * 7 developed a mild reductive technique,
which could be used to produce Cl] in any D.S. range
(Scheme 1-10).

During the past several years, a

continuous effort to improve the method for synthesis of
[1] has been in progress.

Reduction of [7] with diborane

is an effective method for converting the cyano function
to primary amine, but an unidentified side reaction must
introduce some degree of crosslinking which renders [1 ]
insoluble and limits the accessibility of the amino
groups.

An exhaustive investigation of the reaction

conditions required to produce quantitative reduction
have been conducted.
A heterogeneous reaction in THF at 60©C was found to be
the most effective system for reduction of [7].

Initial

studies used a constant ratio of borane to [7] regardless
of the D.S.; the ratio had been calculated as the molar
equivalent of borane required to reduce [7] with a D.S.
of 1.0.

Experiments with lower D.S. derivatives

demonstrated that a higher percentage of titratable amine
was produced when the actual borane to cyano ratio was
greater than 2:1 (Table 1-3).

In fact, quantitative

reduction could be achieved in 24 h in the presence of

Schene 1-10. Preparation of 0-(3-aainopropyl)cellulose, [13-

NaOH
CHz-CH-CsN
O-CH 2 CH2CSN
CHz

,0H
-------0

HO

J

OH

CHz

7

^O-CHzCHzCeN

BH3'SCCH3>2 /
6 0 *C

THF

'O-CH 2C H 2CH 2N H 2

0-CH2CH zC H ^ H 2

excess borane.

However, the aminated derivatives, [1]

remained insoluble in water at all pH ranees.

Table 1-3. REDUCTION OF CYANOETHYLCELLULOSE, [7]*
Cyanoethy1cellulose
(D.S.)

Reducing Agent

Reflux Time

Conversion 8

(mL) (molarity)

(h)

(X)
99.0
88.5
40.8
69.1
55.8

0.39
0.56
0.99
1.05
1.58

10
10
10
10
10

1M
1M
1M
1M
1M

BHa-THF
BHa-THF
BHa-THF
BHa-THF
BHa-THF

5
5

0.86
0.86
0.86
0.86

10
10

1M
1M
2M
2H

BHa-THF
BHa-THF
BHa-DHS
BHa-DHS

8
12

0.86

15

0.58

22
20

1M LiAlH4
1M BH3-THF
1H BHa-THF

24
24
24

1.00

5
10

6

5
5

5
3

28.2
50.5
40.3
47.5
c
100D
—

100

A Reaction Conditions: CyanoethyIcellulose, 2.00 g; THF,
30 mL
8 Determined by titration
c Amino group detected by ninhydrin but residual cyano
group apparent in IR spectrum
*> Determined by IR spectroscopy only.

Apparently, the borane reduction produces a few secondary
and tertiary amino functions which crosslink bbe resins.
To reduce the possiblity of nearest neighbor
cooperative interaction of cyanoethyl substuents leading
to crosslinking, a mixed O-ethyl-O-cyanoethylcellulose
was prepared.

Treatment of ethocel (D.S='l) with acrylo

nitrile in the presence of a phase transfer catalyst,
tetrabutylammonium chloride*8, afforded a mixed

derivative with a degree of cyanoethylation of 0.5.

Both

mixed cyanoethy1 and ethyl ethers were soluble in organic
solvents, such as tetrahydrofuran (THF), pyridine, and
dimethylsulfoxide (DMSO), but the attempt to prepare
soluble APC derivatives by the reduction with borane in
refluxing THF was not successful.
Alternate means of effecting the reduction of cyano
functions were also explored, but our success was
limited.

Reduction with lithium aluminum hydride(LiAlH4 )

in THF was not effective.

Combinations of NaBH 4 with

transition metals have been reported to be good catalysts
for converting nitriles to primary amines®9.

However,

treatment of [7] with NaBH« and C 0 CI 2 was proved
ineffective.

Facile reduction of nitriles with hydrogen

over nickel boride, prepared from nickel salts and NaBH4 ,
has been observed*®•® 1 .

Efforts to apply this technique

to [7] under moderate condition (60psi, 48 h at 25<>C)
were not successful.

The method of Daly efc a l .®7 is

believed to be the best way to reduce the [7] to [1].
The typical FT-IR spectrum of [1] was shown on Figure
1-4.

Introduction of amino function onto cellulose was

confirmed with disappearance of nitrile absorption band
at 2253 cm - 1 and appearance of two band at 3451 cm-i and
3353 cm-i for H-H stretching of primary amino group.

0.68-

0.169
4808

3088

2808
WWEHWIBER

Figure 1-4. FT-IR spectrum of

0 -(3 -aninopropyl)cellulose,

[1]-

1.4. Preparation of 6-Amlno-6-deoxyce1lulose Derivatives
All efforts to synthesize a soluble [1] failed, and
utilization of insoluble [1 ] and its derivatives as
macroinitiators did not produce soluble graft copolymers
with predictable properties (Chapter 4.3).

It was also

extremely difficult to identify and characterize the
insoluble materials.

These difficulties reinforced the

need for an easily characterizable soluble aminocellulosic which could be employed as a macroinitiator of
graft copolymerizations to produce glycoprotein analogs.
The preparation of reduced or deoxycellulose and its
derivatives has been another interesting field for the
chemical modifications of celluloses2 .
SarkanenS 3 first prepared a

Willard and

6 -deoxyce1lulose

by specific

tosylation of the primary hydroxyl group of 2,3-dibenzy1cellulose followed by reduction of ester group with
LiAlEU and final debenzylation.

Using this system,

numerous mixed or regioselective deoxyce 1 luloses have
been prepared.

In 1961, Carters * reported the

preparation and characterization of

2 -deoxycellulose

by

sodium-ammonia reduction of [7].
Replacement of one hydroxyl group with an amino
function, i.e. production of aminodeoxyanhydroglucose
repeat units, has received considerable attention.

The

main scheme for the preparation of aminodeoxycellulose
derivatives is illustrated in a general fashion in Scheme

30

1- 1 1 .

The most common approach to Introduce the aminodeoxy
function has been a reduction of azldodeoxycellulose,
which can be prepared from

halodeoxy-9 5

or sulfonyl-9 0 - 9 9

cellulose derivatives.
Clode et

al.9 6.9

7 first reported the preparation of

azldodeoxycellulose with relatively low D.S.(0.25).
work of Usov et

a l .9 8 , 9 9

The

showed the regiospecific

preparation of 6-amino-6-deoxycellulose by reduction of
6-azido-6-deoxycellulose prepared by blocking-unblocking
system involving tritylation at C-6, substitution of
hydroxyl groups at C-2 and C-3 with phenylisocyanate,
detritylation, tosylation, and nucleophilic substitution
of tosylhydroxyl group with NaN3 (Scheme 1-12).
The Teshirogi group10 0 - 1 0 3 also published a series
of papers covering the preparation and modification of
regiospecific aminodeoxycellulose derivatives.

They

100

adapted the method of Usov et al.9 8 , 9 9 to prepare
6-amino-6-deoxycellulose from 2,3-0-diphenylcarbamoylcellulose.

However, their result, in which phenyl-

carbamoyl groups were retained, were slightly different
from those reported by Usov et al. in that the reduction
of 2,3-0-diphenylcarbamoyl-6-azido-6-deoxycellulose was
accomplished with L1A1H4.
Teshirogi102 also described the formation of 2-amino2-deoxy-cellulose.

Films prepared by formaldehyde

Schene 1-11. Main Schene for Preparation of Aninodeoxycellulose Derivatives.

Cell-OH
S 0C 12
TsCl
LiCl
Ce ll -O T s

Cell-Cl
NqN3

NqN3
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Regiospecific Synthesis of

6 -A2 ido-6 -deoxycellulose
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°

treatment of the sulfated derivatives * ® 2 formed from the
aminodeoxycelluloses with N ,N-dimethylformamide(DMF)-SOs
were found to inhibit blood coagulation

by this group* 0 3

and other groups *©*.
6-Amino-6-deoxycellulose was also prepared by the
oxidation of 2,3-0-diphenylcarbamoylcellulose to the
corresponding 6-carboxaldehyde derivatives, hydroxylamination, and reduction the oxime with LiAlH4*<>5.
Catalytic hydrogenation 10 e , borane*o® , or NaBH4 *07 were
also used to effect the oxime reduction.

Alternatively, Usov's group* 0 ® reported a process for
2(-3)-aminodeoxycellulose with various U.S.'s (0.45-0.55)
by reaction of oxocellulose with ammonium acetate and
sodiumcyanoborohydride [NaB(CN)H3 ] in methanol.

Recently

Yalpani *0 3 patented a selective preparation of 2-amino-2deoxycellulose and 3-amino-3-deoxycellulose through
reductive amination of the corresponding oxo cellulose,
which could be prepared by the method of Bosso et aJ.* *0 ;
i.e. oxidation of a homogeneous cellulose solution in
DMSO-paraformaldehyde with acetic anhydride leads to 3oxocellulose.

In contrast, oxidation of a

cellulose, such as

6 -0 -acetylcellulose,

6 -substituted

occurred mainly

at C-2 under the same conditions.
Further methods for the synthesis of deoxycellulose
derivatives containing primary amino functions include
nucleophilic substitution reactions of chloro or sulfonyl
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groups with ammonia or diamines, especially ethylenediamine.

Teshirogi et a i . m

described the

.112

preparation of aminodeoxycellulose (D.S. up to 0.82)
through the reaction of tosylated cellulose derivatives
with ammonia in ethyl alcohol at 100©C.

The amlnated

cellulose derivatives with low D.S. were soluble in
formic acid, DMF, or DMSO.
Vigo et a J . H 3 - H 5 applied this method for the synthesis
of insoluble (2 -aminoethyl)amino-chloro-deoxycellulose by
reacting chlorodeoxycellulose with ethylenediamine in
butyl alcohol at 110°C for 5 h.

A Japanese p a t e n t m

described the same system and the application of the
derivatives for Hg(II) adsorbents.
Tosylated deoxycellulose was also converted to the
corresponding (2 -aminoethyl)deoxycellulose with ethylene
diamine in DMF for 4hi 1 7, followed by treatment with
carbon disulfide (CS2 ) in NH 3 and methanol; the resulting
dithiocarbanilated cellulose derivatives could be used
for collectors of metal ions from sea- and tapwater.
5-nitrofurfurylideneamino derivatives of these aminated
cellulose with 5-nitrofurfural were also reported*18.
In order to synthesize soluble aminodeoxycellulose
derivatives, commercially available cellulose triacetate,
[8 ], was employed as a starting material.

As shown on

Scheme 1-13, initially cellulose triacetate (D.S. of
acetylation =

2 .8

) was hydrolyzed under acidic conditions

at room temperature to produce free hydroxyl groups**9.
Partially hydrolyzed cellulose acetate, [9a], (D.S.=2.45)
was readily soluble in most organic solvents, such as
acetone, THF, DMF, pyridine, and DMSO.

Tosylated

cellulose acetate96, [10], was easily converted to the
corresponding azldodeoxycellulose acetate, [11], through
nucleophilic substitution of the tosyl group with sodium
azide (HaN3) in DMF at 100<>C97.
Cellulose acetate, [9b], with a higher concentration
of free hydroxyl groups on C-6 could be obtained by
further hydrolysis of [9a] under acidic conditions.
Hydrolysate, [9b] (D.S.=2.3), was not soluble in acetone
any more, but was still soluble in pyridine, DMF, and
DMSO.

Using conditions similar to those described above,

cellulose acetate with a high concentration of azido
functions on C-6 could be produced without difficulty.
Infrared spectroscopy (Figure 1-5) was used effectively
for characterization of the modified cellulose acetates,
[9b], [10b], and [lib].

Typical absorption bands at 1180

cm-* (-S03) and 2130 cm-* (-N3) are indications for
tosylation and nucleophilic substitution with NaNs,
respectively.

*3C NMR spectra (acetone-ds) show

nucleophilic substitution of tosyl function on [10b] with
NaNs occurs predominantly on C-6 position; a complete
shift of *3C NMR peaks from> 68.6 ppm for tosylated C-6 of
[10b] (Figure 1-6B) to 51.2 ppm for azidodeoxy C-6 of

Schene 1-13. Synthesis of 6-azido-6-deoxycellulose
Acetate, till»OAe

TsCl/ Pyrldlns
R.T., 24 h
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Figure 1-5. Infrared spectra of nodified cellulose
acetate derivatives (A, [9b], partially hydrolyzed
cellulose triacetate; B, [10b], tosylated cellulose
acetate; C, [lib], azldodeoxycellulose acetate).

[lib] (Figure 1-6C) is observed.

Even increasing the

reaction time (up to 72 h) failed to displace a small
amount of tosyl group which may be on a secondary
position.
Several methods for reducing azido compounds to the
corresponding amino compounds are known.

The reagents

(L1A1H4 or Ha/catalysts) commonly employed98 for this
purpose are rather unselective.

As expected, only

deacetylated aminodeoxycellulose, [12], was formed during
the reduction with L1A1H4, or with borane complex in
refluxing THF; this product was soluble in 10% aqueous
NaOH solution.

13C NMR spectrum (Figure 1-7) of [12]

showed clear peak for aminodeoxy C-6 at 42.1 ppm in 10%
NaOH/DzO solution.

These aminocellulosic materials, [12]

were not applied in further modifications yet, but it may
be possible to utilize them as macroinitiators for
heterogeneous graft copolymerization.

However, the

product did not meet our current objective, i.e. an
organic soluble well characterized substrate.
Some interesting, more selective reagents, including

Cr++/H+

1 2 0 ,1 2 1 ,

triphenylphosphine/NH40Hi22, and

H 2 S/pyridine/water12 3 appeared more promising for
reduction of azides in the presence of ester functions.

A modified Staudinger reactioni24, which can release
ammonium salts from the corresponding azido compound by
acid hydrolysis of an intermediate nitrogen-phosphorus
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Figure 1-6. 50.34 MHz »3C NMR spectra of aodified
cellulose acetates (A, [9b], partially hydrolyzed
cellulose acetate (DMSO-de); B, [10b], tosylated
cellulose acetate (acetone-d6); C, [lib].azidodeoxycellulose acetate (acetone-de) ), (298°K).
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Figure 1-7. 50.34 MHz
NMR spectrun of 6-aeino-6-deoxycelluloBe,
[12],(10% NaOH / D20 , 298©K).
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complex formed with triethyl phosphite, was explored.
Only [12a] could be isolated from [11a] due to the
vigorous acidic conditions (60©C, 24 h) required to
effect the hydrolysis (Scheme 1-14).
Scheme 1-14. Reduction of 6-Azido-6-deoxycellulose
Acetate with Triethylphosphite
«OAc

CHz

OAc
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CHi
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HO
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oh
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\Nm
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A successful selective reduction's Qf various azido
compounds containing different functionalities, such as
nitro, ester, amide, and unsaturated double or triple
bond, with 1,3-propanedithiol was revealed in 1978.
system was applied to the reduction of [lib] (Scheme
1-15).

This

Scheme 1-15. Synthesis of 6-Amino-6-deoxycellulose
Acetate, [2], with 1,3-Propanedithiol
/N3
Acl

OAc

OAc

HS(CH2>3SH
Et^l
raflux, 48 h

Acl

OAc

Acl

OAc

Partially reduced aminodeoxy-azidodeoxycellulose acetate,
[2], was formed when [11a] with 1,3-propanedithiol in
THF-methanol (3:1 v/v ratio).
detected during the reduction.

No deacetylation was
However, longer reaction

times did not increase the extent of reduction.

The

partially aminated cellulose acetate, [2], containing
0.47 meq/g of amino function was prepared by this system
and formed a gel in pyridine, DMF, and DMSO at room
temperature, but remained soluble at room temperature
after heating (>9Q°C).

Unfortunately, it was not easy to

elucidate the *3C NMR peak for the aminodeoxy C-6 of [2];
only a small broad peak which was assigned to aminodeoxy

C-6 appeared around 41 ppm (Figure 1-8).
Catalytic hydrogenation under mild conditions (25<>C,
45 psi H 2 in 25 v/v% methanol-THF) did not released any
aminodeoxycellulose acetate from [11a].
Another approach to introduce the aminodeoxy group
onto cellulose acetate involves direct nucleophilic
substitution!

ii.i 12 of [10a] with ammonia.

In a direct

reaction with ammonia in DMF at room temperature for 5
days, very slightly aminated cellulose deivatives, which
could be detected only by the ninhydrin test, could be
obtained.

Attempts to produce aminodeoxycellulose

acetate using the Gabriel synthesis were also tried.
[10a] could be easily converted to 6-chloro-6-deoxycellulose acetate, [13], by treatment LiCl in DMAc at
100oC, which is a good solvent system for cellulose.

13C

NMR spectrum for [13] in acetone-de showed clear peak for
chlorinated C-6 at 44.3 ppm (Figure 1-9).

However,

nucleophilic substitution of chloride on [13] with
potassium phthalimide in DMF at 100°C was not successful.
Another approach to make a soluble 6-amino-6-deoxy
cellulose derivatives, [3], by blocking the hydroxyl
group of the C-2 and C-3 positions of cellulose with
phenylisocyanate was explored.

Reaction conditions

similar to those published by Osov's groups, 99 were
adopted to prepare 2,3-0-diphenylcarbamoyl-6-azido-6deoxycellulose, [14], as shown in Scheme 1-12.
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Figure 1-8. 50.34 MHz 13C NMR spectrum of 6-amino-6-deoxycellulose
acetate, [2] (pyridine-ds, 353°K).
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Figure 1—9. 50.34 MHz *®C NMR spectrun of chiorinsted cellulose
acetate, [133 (acetone-d®, 298<>K).
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Tritylation of regenerated cellulose, [15a], or cotton
linters, [15b], can be carried out with triphenylchloromethane in dry pyridine for 16 h at lOQoC.

The regener

ated cellulose adduct (D.P.= 313) was reported to be
soluble in pyridine®9.

However, our tritylated products,

[16a] and [16b], are not soluble in any organic solvent
including DMSO, DMF, and pyridine.
limits the extent of tritylation.

This poor solubility
The IR spectrum

(Figure 1-10A) of [16a] shows strong absorption bands for
the aromatic ring of the trityl function at 1450 cm-i,
1500 cm-i, and 1600 cm-i.
Phenylcarbanilation of [16a] is carried out with phenylisocyanate in pyridine for 36 h at 65<>C.

After 24 h of

reaction, the mixture becomes a brown solution; 2,3-0-diphenylcarbamoyl-6-0-tritylcellulose, [17a], is quite
soluble in DMSO, DMF, and pyridine.

After deblocking the

trityl function on C-6 of [17a] under acidic condition,
tosylation and nucleophilic substitution with NaNs can be
carried out without difficulties.

2,3-0-Diphenyl-

carbamoyl-6-tosylcellulose, [19a], and 2,3-0-diphenylcarbamoyl-6-azido-6-deoxycellulose, [14a], are quite
soluble in many solvents including THF and dioxane.

13C

NMR spectroscopy was used to characterize the following
cellulose derivaties: [14a], [17a], [18a], and [19a].

As

shown in the partial spectra in Figure 1-11, 13C NMR
peaks for C-6 in each of the derivatives shifted clearly
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Figure 1-10. IR spectra of modified cellulose
derivatives (A; 6-O-tritylcellulose, [16]: B; 2,3-0-diphenylcarbamoy1-6-0-tritylcellulose, [17]: C; 2,3-0-diphenylcarbamoylcellulose, [18]: D; 2,3-0-diphenylcarbamoy1-6-tosyl-cellulose, [19]: E; 2,3-0-diphenylcarbamoyl-6-azido-6-deoxycellulose, [14]).

from 62.1 ppm of [17a] to 58.9 ppm, 67.4 ppm, and 49.5
ppm of [18a], [19a], and [14a], respectively.
Seduction of [14a] with LiAlH* in THF produced only
aminodeoxycellulose; the phenylcarbamoyl functions were
cleaved under these conditions as described by Us o v ^b .
Therefore, the reduction of [14a] under mild conditions
with 1,3-propanedithiol was attempted to keep the phenyl
carbamoyl functions for better solubility in organic
solvents.

Infrared spectrum (Figure 1-12) for the

reduced dervative, [3] (0.35 meq/g of amine), shows a
complete disappearance of the peak (2100 cm-1) for azido
function on [14a] with retention of the phenylcarbamoyl
function, but the peak for the amino group is not clearly
detected.

Unfortunately, this product, [3], which showed

a positive result with ninhydrin, was not soluble in any
organic solvent.

More efforts in the characterization of

[3] are necessary to develop a clear method for the
preparation of an organic soluble aminated cellulose
derivatives.
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Figure 1-11. Partial 50.34 MHz 13C NMR spectra of
modified cellulose derivatives (A, [17], 2,3-0-diphenylcarbamoyl-6-0-trytylcellulose; B, [18], 2,3-0-diphenylcarbamoylcellulose; C, [19], 2,3-O-diphenylcarbamoyl6-tosylcellulose; D, [14], 2,3-O-diphenylcarbaiooyl6-azido-6-deoxycellulose) inDMSO-de, (373<>K).
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CHAPTER 2

PREPARATION OF CELLULOSE GRAFT COPOLYMERS
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2.1. Introduction
Generally, polymer chemists distinguish the
following types of high polymer substances:
1) Homopolymers
OOCKJOOOOOOOOOOOOOOOOOOOOOOOO
2) Copolymers
a. Random copolymers
0 0 « ® ® 0 t0 0 0 0 ® ® ® 0 0 « 0 0 0 i0 0 ® 0 ® 0 0

b. Block copolymers
•••••••0000000000®MMMMM

c. Graft copolymers

•

•

(XX)000000000000000(X)00000000

The graft copolymers in which OOOOOOO denotes cellulose
or modified cellulose will be the focus of this
discussion.
Graft copolymerization of vinyl monomers onto
cellulosic materials as a means to modify cellulose has
been extensively investigated by number of
workers*2*-132.

Nearly all the grafting methods

published to date have involved the following three
categories; 1. grafting initiated by radiation-induced
radicals; 2. grafting by chemically-formed radicals; 3.
grafting by ionic initiation or coupling.

However, only
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a little attention haa been given to other possibilities
of obtaining graft copolymers of cellulose, such as by
using cyclic monomers rather than vinyl or acrylic
monomers, by direct bond formation to cellulose with
preformed polymer chain, and by copolymerizing cellulose
derivatives containing polymerizable functions.

At this

point, a review of these other possible grafting systems
as applied to cellulosic materials may be helpful in
understanding potential grafting systems with aminated
cellulose derivatives as macroinitiators.

2.2. Grafting onto Cellulose and its Derivatives
2.2.1.

Ring-opening Polymerization with Cellulosic

Materials
It is well-known that the ring-opening polymerization
of a-epoxides, such as ethylene oxide, and propylene
oxide, may be carried out with substances containing
acidic protons; ammonia, organic acids, amines, alcohols,
water, etc.

Macroinitiators containing pendant hydroxyl

or amino groups can also initiate a-epoxide polymeriza
tions.

A series of non-ionic detergents has been made by

polyaddition of ethylene oxide to a poly(propylene oxide)
containing terminal hydroxyl groupie.

The modification

of poly(vinyl alcohol) by the reaction with ethylene
oxide leading to a poly(vinyl alcohol) derivative
containing pendant poly(ethylene glycol) was patented in

1934*34.

Cohen et al.i*5 atteopted to apply this system

to cellulose to yield graft cellulosic polymers
containing average chain length of 0.44-3.07 of pendant
ethylene oxide chains per each glucose units.

Similarly,

styrene-dimethylmaleate copolymers treated with
monoethanolamine, or styrene-allyl acetate copolymers
saponified with sodium methoxide could also initiate the
ring-opening graft polymerization of ethylene oxide*36.
Graft copolymerization of similar cyclic compounds,
such as /S-propiolactone*3*, c-caprolactam*3® , ethylenimine*3®-*43 (Scheme 2-1) and HCA's of amino acids®2 »144,
onto cellulose and its derivatives have also been
published.
Since the first reported graft copolymerization of
ethylenimine onto cellulose by Cooper and Smith*3®
several papers have been published describing the
application of these copolymers as chromatographical
adsorbents for purification of radioiodinate succinyl
cyclic nucleotide tyrosine methyl esters*4® and for
separation of special metal ions from mixtures*4*.*42.
Crosslinked poly(cellulose-g‘
-ethylenimine) was also used
for immobilization of invertase*43.
Zilka et al.92 reported an attempt to initiate
ring-opening polymerization of several NCA's with
cellulose acetate.

However, only cellulose acetate

derivatives containing single amino acid groups were

schene 2-1. Grafting of Cyclic Conpounds onto Cellulose and Its
Derivatives
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obtained.

Recently, high grafting efficiency (>85% ) of

aminoacids onto modified cellulose was achieved by
Miyamoto et al.* 44 with AEC as macroinitiator even in a
heterogeneous system at room temperature.

A more

detailed review of graft copolymerizations of aminoacids
onto cellulose derivatives will be included in chapter 4.

2.2.2.

Graft Copolymers onto Cellulose by Coupling of _

Preformed Polymers
If some prepolymers have reactive functionalities on
a terminal position, it may be possible to apply these
prepolymers to produce graft copolymers by direct
coupling onto active sites of backbone polymers.
Rogovin145 first utilized this technique for grafting
polyesters onto cellulose (Scheme 2-2).
Scheme 2-2. Grafting of Polyester onto Cellulose*45

Cell-OH

+

ClCUCHpJoCCHPjO]^

Co11-OCC (CHp 4C0 (CHj)2O]Ji
Reaction of cellulose hydroxyls with prepolymers
containing terminal epoxide groups, which could be
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obtained by condensing epichlorohydrin with 4,4'-isopropylidenediphenol (bisphenol-A), also produced graft
copolymers of cellulose**® . H ’ .
Interestingly, Avny et al.**® showed that short
chain polystyrene derivatives (D.P. up to 200) containing
terminal acyl chloride groups, prepared via anionic
polymerization and termination with carbon dioxide and
thionyl chloride**®, could form graft copolymers onto
cellulose easily (Scheme 2-3).
Scheme 2-3. Grafting of Living Polystyrene onto
Cellulose Acetate**®

In their research, two different anionic initiators,
jj-butyl lithium and sodium naphthalene, were used to make
mono- or dicarboxylated living polymers.

The polystyrene
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terminal groups were converted to acid chloride by
reaction with carbon dioxide and thionyl chloride.

The

typical grafting process for these functionalized
polystyrenes onto cellulose involved mixing the polymers
in 20% sodium hydroxide solution for 15 min at room
temperature.
Recently, Narayan's group15 o ,1 5 1 reported grafting
of living polystyrene or partially hydrolized poly(methyl
methacrylate) onto a cellulose derivative, mesylated
cellulose acetate in DMSO/THF at 50-70°C for 72 h (Scheme
2-4).

Instead of activating the terminal group of

prepolymers, hydroxyl groups of cellulose acetate were
mesylated with methanesulfonyl chloride.
Scheme 2-4. Grafting of Prepolymer onto Activated
Cellulose Acetateiso»*5 1

0
^ 0C- (CH-CHj-^-Bu

Ofe

These approaches to grafting onto cellulosic materials
have several advantages over conventional systems; a) no
possibility to form homopolymer, b) precise control over
the molecular weight of polymer grafted, and c) high
grafting efficiences onto cellulose.

2.2.3.

Direct Grafting with Vinyl Derivatives of

Cellulose
The grafting of vinyl polymer onto cellulose
involving introduction of polymerizable groups onto
cellulose have only been mentioned in a few
publications15 2-155.
Methacrylic esters of cellulose were first reported and
used in grafting procedures in 1952152.

Cellulose

acetate derivatives treated with methacrloylethylenimine
were also applied to prepare graft copolymers of styrene
onto cellulosei53.
In 1981, Akelah et al.154 achieved successfully the
preparation of vinyl derivatives of cellulose (Scheme
2-5) and their graft copolymerization with styrene.

They

also attempted to clarify the mechanism for these
grafting process.

They concluded from the low grafting

efficiencies observed that these process might not
involve growing polymer attack on cellulose bound vinyl
groups.

Only initiating radicals generated on cellulose

were effective in producing grafts.

Scheme 2-5. Preparation of Vinyl Derivatives of Cellulose.

r.
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Recently, another polynerizable cellulose derivative
prepared from 2-diallylamino-4,6-dichloro-a-triazlne was
introduced*55.

Graft copolymerization of these

derivatives with styrene was carried out in toluene at
60°C for 24 h.

2 .3. Grafting of Vinyl Monomers onto 0-(3-Aroinopropyl)cellulose
The condensation of 2-isocyanatoethy1 methacrylate,
[20], (ICEMA)*56 f onto APC were evaluated as a method for
introducing unsaturated functional groups which can
undergo free radical graft polymerization (Scheme 2-6).

Table 2-1. REACTION OF ICEMA WITH UNMODIFIED
CELLULOSE, [5], OR CYANOETHYLCELLULOSE, [7]A
Time
(h)

C/NB

1.5

1
3
6
12

1683
135
84
41

1.5

1
3
6
12
24

Cellulose
(mg)

ICEMA
(mL)

250C

250°

a WB

ICEMA bound
(D.S.)

0.00
0.04
0.07
0.15
0.0
0.0
0.0
0.0
0.0

0.00
0.00
0.00
0.00
0.00

A Reaction Condition: 10 mL of Pyridine; 80«C
B C/N = Carbon Content / Nitrogen Content from Elementary
Analysis
c Unmodified Cellulose, [5]
d Cyanoethylcellulose, [7] (D.S.= 0.5).
* aW = Weight Gain

Schene 2-6. Grafting onto ICEMA-APC Adducts, [21]

OH
OH
HO
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Grafted Polymara

The aminopropyl groups react selectively with [20] to
produce the corresponding celluloseureadoethyl methacrylate, (CUEMA), [21].

CEC, [7], with low D.S.(0.5) failed

to yield an adduct under the reaction condition employed
(Table 2-1).
As the results illustrate in Table 2-2, a minimum
temperature of 50®C was necessary to effect reaction of
[20] with [1] in pyridine.

Table 2-2. REACTION OF ICEMA, [20], WITH 0-(3-AMIN0PROPYL)CELLULOSE, [1]A
APC
(mg)

ICEMA
(mL)

Temp.
(oC )

Time
(h)

250B
250
250

0.5
1.0
2.0

80
80
80

5
5
5

100
140
170

0.64
0.90
1.10

85.4
119.5
145.1

250B
250
250

2.0
2.0
2.0

80
80
80

3
9
12

150
170
180

0.97
1.10
1.16

128.0
145.1
153.7

250B
250

1.0
1.0

25
60

5
5

0
60

0
0.39

0
51.2

250C
250
250
250
250
250
250

2.5
2.5
2.5
2.5
2.5
2.5
2.5

50
60
60
60
75
80
80

75
6
13
30
19
18
42

75
30
50
60
75
140
190

0.49
0.19
0.33
0.39
0.49
0.91
1.23

43.6
17.4
29.1
34.8
43.6
81.3
110.4

a W«>
(mg)

ICEMA bound
(mmol) (wt-%)

Reaction Conditions: Slurry in 10 mL of Pyridine
Completely Reduced APC (D.S. of CEC = 0.58; D.S. of APC
= 0.58)
c Partially Reduced APC (D.S. of CEC = 0.91; 4.44 meq/g
of NH2).
d a W = Weight Gain

a
B

The reaction proceeded rapidly at 80°C; the existence
of unsaturated functionality was detected by analysis of
hydrolysates, especially methacrylic acid. These adducts,
[21], swell but not dissolve in pyridine.

Infrared

spectrum (Figure 2-1) of [21] shows an reasonable
evidence for the formation of the urea derivatives; i.e.
IR absorption bands at 1563, 1650, and 1720 cm-1 for
ureado N-H, ureado C=0, and ester, respectively.
Copolymerization of the ureadoethyl methacrylate
functional groups in the presence of various radical
initiators was attempted

with vinyl monomers, such as

methyl acrylate, methyl methacrylate, and styrene, in an
effort to form grafts and crosslinked cellulosic matices.
The nature of the radical initiators was found to be very
critical for successful graft copolymerizations as shown
in Table 2-3.

Table 2-3. GRAFT COPOLYMERIZATION OF APC-ICEMA ADDDCT,
[21], WITH METHYL ACRYLATE IN THE PRESENCE OF VARIOUS
INITIATORS
APC-ICEMA
MA
g(meq) g(mmol)

0.50A
(1.84)
0.50A
0.50B

4.78A
(55.5)
4.78A
4.78B

Fha Initiator Temp. Time
Graft
F ice
(°C) (h) Copolymer(g)
30

AIBN

30
30

BPO
KPS

100

12

0.50

80
60

12
12

0.58
1.51

* Initiator Cone.: 0.5 mol-% / total monomer
* Monomer Cone.: a 5 .28 g / 25 mL pyridine
b 5.28 g / 10 mL pyridine + 15 mL H 2 O.

T R A N S M I T T A N C E
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Figure 2-1. FT-IR epectrun of APC-ICEMA adduct, [21].

4,4'-Azobisisobutyronitrile (AIBN) and benzoyl peroxide
(BPO) were not effective in initiating copolymerization.
In the AIBN case, only homopoly(methyl acrylate) was
formed.

In contrast, no homopoly(methyl acrylate) and

only low yields of graft copolymer were obtained in the
presence of BPO in pyridine at 80<>C for 12 h.

A highly

loaded graft copolymer (200 wt-% addition) could be

produced by using potassium persulfate (KPS) and 18-crown
-6 as the initiator.

Phase transfer promoted radical

initiation was developed recently15 7,158, and the process
obviously exhibits rather selective activity.

Some

results for copolymerization of [21] with low ureadoethyl
methacrylate function and methyl acrylate in the presence
of KPS and 18-crown-6 are shown in Table 2-4.

Treatment

of 1.00 g of COENA (3.68 meq/g of double bond) with
methyl acrylate in the presence of KPS and 18-crown-6 in
pyridine-water at 60<>C for 10 h afforded 2.32 g of
grafted copolymer along with 0.60 g of poly(methyl
acrylate).

A typical IR spectrum (Figure 2-2) of graft

copolymer (96 wt-% of grafting yield) of [21] and methyl
acrylate shows the increased peaks at 1455 (-GHz), 1734
(ester), and 2955 cm-i (-CH3) due to the methyl acrylate
grafts.

1.48-

T R A N S M I T T A N C E

1.281.88-

8.288.188 4888

1888

Figure 2-2. Typical FT-IR spectrum of graft copolymers of [21] with
methyl acrylate.
o>

Table 2-4. GRAFT COPOLYMERIZATION OF APC-ICEMA ADDOCT,
[21], WITH METHYL ACRYLATE IN THE PRESENCE OF POTASSIUM
PERSDLFATE/18-CROWN-6
APC-ICEMA
(g)

MA
(g)

0.20*
0.50
0.75
1.00

3.80*
3.50
3.25
3.00

Fha
F ics

60
22
14
9

Temp.
(°C)

Time
(h)

Graft
Copolymer(g)

10

65

0.81
1.28
1.47
2.32

* Initiator Cone.: 0.5 mole-% of K 2 S 2 O 8 / total monomer
* Monomer Cone.: 4.00 g of total monomer / 5 mL pyridine
+ 10 mL H 2O.

Table 2-5. GRAFT COPOLYMERIZATION OF APC-ICEMA ADDOCT,
[21], WITH STYRENE ONDER VARIOUS CONDITIONS
[21]
g(meq)

Styrene
g(mmol)

1.00*
(0.89)
1.00B
1.00B

0.93*
(8.9)
0.93B
0.93B

10

KPSD

65

20

1.12g

0.56

10
10

AIBND
BPOD

65
65

20
20

1.06
1.10

0.39
0.51

1.3155
1.5871
1.7698
1.8404

5
10
20
30

KPS*

55

12

0.755
0.469
0.261
0.189

0.21
0.26
0.26
0.32

0.6845C
0.4129
0.2302
0.1596

Fat Initiator Temp. Time Graft
fat
Fi c e
(°C) (h) Copolymer

* Total Monomer Cone.: *
B
c
* Initiator Cone.: d o .3
b 1.0
* fat = mole fraction of

1.93 g / 27 mL THF t 3 mL H 2 O
1.93 g / 30 mL THF
2.00 g / 10 mL THF ^ 5 mL H 2 O
mol-% / total monomer
mol-X / total monomer
styrene in copolymer.

Table 2-6. GRAFT COPOLYMERIZATIOH OF APC-ICEMA ADDOCT,
[21], WITH METHYL METHACRYLATE
APC-ICEMA
g(meq)
0.50(0.98)

MMA
g(mmol)
6.38(63.8)

Initiator
AIBN
BPO
KPS
KPS
KPS

* Initiator Cone.: 1.5 mol-X
* Monomer Cone.: 6.88 g / 25
A 20 (v/v)X
* Reaction Conditions: 24 h,

Solvent

Graft
Copolymer(g)

DMF
DMF
DMF + H 2OA
Pyridine
+ H2OA
DMSO + H2OA

0.51
0.52
0.56
0.58
0.71

/ total monomer
mL solvent
of H 2 O
55°C.

All the grafted copolymers were insoluble but some
swelling in organic solvents, such as DMSO, pyridine, and
THF was noted.

Strangely, high yields of grafted

copolymers of CDEMA with styrene (Table 2-5) or methyl
methacrylate (Table 2-6) could not be obtained under any
conditions.

2.4. Reactions of Aminopropylcellulose with a-epoxldes
As mentioned earlier in this chapter, reaction of
cellulose with a-epoxides, such as ethylene oxide and
propylene oxide, could produce a graft copolymer of
cellulose**5.
The reaction of [1] with ethylene oxide to make
cellulose derivatives containing hydroxyalkylamino
functions was attempted in protic polar solvents, such as
water and methanol at room temperature (Scheme 2-7).
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Schene 2-7 Reaction of a-Epoxides with 0-(3-Aninopropyl)cellulose, [1]
OH
OH

HO

OH

^OCHzCHzCHzNHz
OV-CH-R
\ /

(R ■ H, CH3)

V

^ 0

or

MeOH

^OCHgCHzCHgN (CHgCHRO) JH

Sone grafting night be taken place during the reaction in
water.

In nethanol, very snail anounts of ethylene oxide

were introduced onto natrix of [1].

On the other hand,

significant grafting of oxyethylene units onto [1] was
obtained with large excess of ethylene oxide (60 nolar
excess to anino group) in water for 72 h even at roon
tenperature as shown in Table 2-7.

Propylene oxide was

also used for this reaction, but only 45 wt-% of grafting
onto [1] was detected fron the reaction of 1.00 g (4.2
neq of anine) of [1] and 14.31 g (243.3 nnol) of

propylene oxide in 10 nL of H 2 O at room temperature for 7
days.

None of these all [1] derivatives with grafted

alkyloxy units were soluble in any solvents including
water.

Table 2-7. REACTION OF APC, [1], WITH ETHYLENE OXIDE
APC
(meq)

Ethylene Oxide
(mmol)

Solvent

aW&

Time
(days)

D.P. b

(g)

4.2
0.25
1.85

243.3
141.9
20.3

10 mL HzO
10 mL H 2 O
10 mL H 2 O

3
2
3

3.35
0.13
0.54

18.2
11.8
3.4

0.83
2.00

101.4
101.4

10 mL MeOH
10 mL MeOH

1
1

0.06
0.09

1.6
1.0

* Reaction Condition: room temperature
* a a W = weight gain
s Average D.P. calculated from weight gain.

CHAPTER 3

MODIFICATION OF P0L7(ARYLENE ETHERS)
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3.1 Introduction
Synthesis of reactive polymers can be effected by
either polymerizing or copolymerizing monomers containing
the desired functional groups, or performing one or more
modifications on a suitable polymer to introduce the
essential functionality.

Reactive polymers produced

directly by polymerization of functionalized monomers
have well defined structures, but the physical and
mechanical properties of the resultant polymers are not
always suitable for the applications in mind.

Since the

purpose for immobilizing the reagent/catalyst is to
optimize the environment for the active site, a procedure
leading to better defined polymer characteristics is more
desirable.

Tailored polymeric systems can be produced by

modifying preformed polymers such as: polystyrene, poly
amides , poly(oxy-2,6-dimethyl-1,4-phenylene), poly
pheny lene arylene ethers) and poly(arylene ether
sulfones)* 59.

The support most commonly employed, poly

styrene , fulfills the major criteria favoring chemical
modification, i.e. sufficient chemical stability to allow
essential transformations to be effected without
degrading the backbone, compatability with organic
solvents, and active sites (aromatic rings), which can be
functionalized by either electrophilic substitution or
metalation followed by treatment with nucleophiles.
Interestingly, only limited work on the changes in

the chain extension and flexibility produced by modifying
polystyrene resins has been reported**0 .

Although

polystyrene is a glass at room temperature (Tg=105°C),
solvent swollen polystyrene derivatives are extremely
flexible and extensive crosslinking is necessary to
"immobilize** a reagent.

The resultant cross linked resins

inhibit the transport of reactants and products to the
active sites within the dense polymer matrix.
Immobilization of reagents on polymers with relatively
rigid chains should restrict segmental motion without
inhibiting diffusion.

Little data on the influence of

restricted chain mobility on the efficacy of a polymer
support in enhancing catalyst and/or reagent properties
has been reported, so we have focused our attention in
this area.

Our interest in semipermeable and reactive

membranes has lead to a detailed study of the chemical
modification of condensation polymers.

The excellent

mechanical properties exhibited by the modified polymers
suggest that they could be employed in speciality
applications such as: permselective membranes, conducting
films, and catalyst membranes.
In contrast to the activating influence of the
hydrocarbon backbone attached to aromatic substituents in
polystyrene derivatives, the linking units of
condensation polymers exhibit varying influences on the
activity of enchained aromatic backbones.

Linking units
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which promote electrophilic substitution tend to sake the
corresponding condensation polymers more reactive than
polystyrene.

The inductively activated aryloxy groups

present in the backbone of poly(arylene ether sulfone),
[25], poly(2,6-dimethyl-1,4-phenylene oxide), [26], poly(2,6-diphenyl-1,4-phenylene oxide), [27], and phenoxy
resin, [28], make them excellent substrates for electro
philic modification at the sites designated in the
structures below.

*

Unfortunately, some of the more common commercially
available condensation polymers are based upon linking
units which deactivate aromatic rings; thus, polyamides,
polyesters, and polycarbonates can be modified with
electrophilic reagents only under conditions which lead
to cleavage of the backbone linkages.
Since poly(oxy-2,6-dimethyl-1,4-phenylene) has

exhibited a high tendency to undergo cleavage,
rearrangements and to crosslink in the presence of
electrophilic reagents, modification of [25] has been our
focus.

The active sites in this polymer is the

3-position of the bisphenol-A repeat units.

The extent

of substitution by a given reagent will be reported as
the degree of functionalization (D.F.).

Normally only

one substituent is introduced per activated aromatic
ring.

Thus, the two active rings per repeat unit in

polymers prepared from bisphenol-A lead to a maximum D.F.
of 2.
Selection of appropriate conditions to modify
polymers is facilitated by preliminary studies with well
designed model compounds.

The work with model systems is

critical with condensation polymers because the main
chain linkages have proved to be remarkably labile under
certain conditions.

Condensation of 4-chlorophenyl

phenyl sulfone with the disodium salt of bisphenol-A
yielded 2,2-bis[4-(4-phenylsulfonylphenoxyl)phenyl]
propane, [29], an excellent model for the poly(arylene
ether sulfone) substrate (Scheme 3-1)181.

Conditions for

quantitative nitration, reduction, and aminomethylation
of the model compound were established (Scheme

3 -2

)

2

.

Comparable conditions were employed to modify the
corresponding polymers.
The NNR and IR spectra (Figure 3-1 to Figure 3-5) of
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Schene 3-1. Synthesis of Poly(arylene ether sulfone)
Model Conpound, [29].
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Scheae 3-2. Modifications of Poly(arylene ether sulfone) Model
Conpound, [29].
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Figure 3-1. Spectra of poly(arylene ether sulfone)
model compound, [29] (A, IR-; B, 100.13 MHz *H NMB-; C,
25.18 MHz 13C NMR spectrum ).
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Figure 3-2. Spectra of poly(3-nltroarylene ether
aulfone) model compound, [30] (A, IR-; B, 25.18 MHz
NMR spectrum).
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Figure 3-4. Spectra of poly(3-phthali»ldonethylarylene
ether sulfone) model compound, [32] (A, IR-; B, 100.13
MHz 1H NMH-; C, 25.18 MHz 13C NMR spectrum).
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Figure 3-5. Spectra of poly(3-a»ino»ethylarylene ether
sulfone) model compound, [33] (A, IR-; B,J 100.13 MHz 1H
NMR- ; C, 25.18 MHz ISC NMR spectrum).

the derivatized model compounds, [29]-[33], mere useful
in establishing the structures and the D.F. of the
modified polymers.

Careful assignment of all peaks in

the i*C-NMR spectra for each of structures, [29]-[33],
confirms the regioselectivity of the substitution on the
oxyphenyl unit and inertness of the phenyl sulfone units.
The chemical shifts of the key carbons for the analysis,
those of the oxyphenyl rings, are summarized in Table
3-1.

TABLE 3-1. i*C NMR PEAK ASSIGNMENTS OF P0LY(AR7LBNE
ETHER SDLFONE) MODEL COMPOUNDS
CH,
st*

X

H

CH 2 CI

CHtNPh

0

c

CH 2 NH 2

0~

NO 2

NH2

Br

1

147.0
147.1
147.2
146.8
148.3
149.2
147.8
(147.0) (147.2) (147.4) (147.8) (146.7) (148.8) (148.5)

2

128.3
128.3
126.7
128.4
123.0
115.9
131.6
(128.3) (129.1) (129.1) (127.8) (124.0) (115.6) (132.0)

3

119.6
128.7
127.5
138.8
114.2
134.5
139.2
(119.6) (129.3) (127.6) (135.1) (133.1) (138.2) (115.6)

4

140.3
156.0
152.7
152.7
152.8
151.1
147.4
(152.7) (150.9) (150.3) (150.4) (146.4) (139.1) (149.6)

5

119.6
119.7
120.9
121.8
120.8
119.4
120.4
(119.6) (119.9) (120.4) (120.2) (122.9) (120.6) (121.9)

6

127.3
128.1
127.6
118.8
128.3
126.3
135.3
(128.3) (128.7) (127.8) (127.0) (133.1) (117.4) (127.5)

* Upper values obtained from **C NMR spectra.
* Lower values in parenthesis obtained from calculation.

The calculated chemical shifts are based upon
additivity factors for the sulfone, isopropylidene, and
oxyphenyl linkages derived from the spectrum of [29].
The spectra of derivatives with D.F.= 2 establish the
chemical shifts of the 3-substituted rings.

Studies on

model compounds with D.F.= 1 confirm that the spectra of
partially substituted samples can be calculated by
appropriate combination of the spectra of unsubstituted
and 3-substituted rings.

Quant itat ive substitution is

difficult to achieve with polymeric substrates, but
interpretation of spectra of low D.F. derivatives is
straight forward.

3.2. Synthesis of Aminated Poly(arylene ether sulfones),
M l and T51
In conjunction with an our work involving HCA
interaction with APC, [1], to produce peptide grafts, the
synthesis of soluble, well characterized polymers with
primary amine substituents were investigated.

The

project proved to be one of the challenges associated
with modification of condensation polymers.

Two

substituents were targeted, 3-amino and 3-aminomethyl, as
a primary amine function was needed to inititate NCA
polymerization.
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3.2.1. Preparation of Poly(3-amlnoarylene ether
sulfone). [41
Polymers with 3-amino substituents were to be
produced simply by reduction of the corresponding 3-nitro
derivatives(Scheme 3-3).

The usual nitrating agents for

aromatic compounds, i.e. fuming nitric acid or nitricsulfuric acid mixtures tend to decompose condensation
polymers.

However, Crivelloi®* has reported that

mixtures of metal nitrates in trifluoroacetic anhydride
nitrate poly(aryl carbonates) and poly(phenylene oxides);
only in the case of the polycarbonates was significant
loss of molecular weight during the modification process
detected.

He have utilized the procedure to nitrate

poly(arylene ether sulfone) and have evaluated the effect
of nitration on the hydrolytic stability of the
corresponding derivatives ** «.

Derivatives with D.F.'s up

to two are produced under very mild conditions, but some
reduction in molecular weight was observed by intrinsic
viscosity measurements ([»?] of [25] = 0.45, [>?] of [36] =
0.34 dL/g).

Hitrated poly(arylene ether sulfone), [36],

proved to be remarkably resistant to reduction.

No amino

functions could be detected following treatment of the
nitrated polymers with sodium dithionite, NaBH«, L1A1H*,
Pd and NaBH4 or low pressure hydrogenation.

However,

[36] can be reduced with stannous chloride and
hydrochloric acid in refluxing THF to the corresponding
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Schene 3-3. Preparation of Poly(3-aninoarylene ether
sulfone), [4].
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poly(3-aminoarylene ether sulfone), (APS), [4].

The

3-amino derivative dissolved readily in THE and CHCls and
intrinsic viscosity measurements ([17] of [4] = 0.32 dL/g)
indicated that little change in the molecular weight
occurred during the reduction.

NMR and 1R spectra were

also used for the characterization of [36] (Figure 3-6)
and [4] (Figure 3-7).
The nitrated model compound, [30], proved even more
resistant to reduction than the polymeric analog; the
dissolving metal technique used to reduce [36] failed on
[30], but finally the poly(3-aminoarylene ether sulfone)
model compound, [31], was produced by treatment of [30]
in dichloromethane with a ten-fold excess HaBH 4 .
Compound [31] serves as a difunctional initiator for HCA
polymerization.

3.2.2.

Synthesis of Poly(3-aninomethylarylene ether

sulfone). r51, and its Applications
Conversion of chloromethylated polymers, which were
prepared by the method of Daly et al.165,1 6 6 , to our
second target system, aminomethylated polymers, was
approached in several different ways.

Two of the

approaches, which were used successfully to convert model
compound [29] to the desired aminomethy1 products failed
when applied to the polymer system.

The first of these,

the Delepine reaction appeared to be the most reasonable
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Figure 3-6. Spectra of poly(3-nitroarylene ether
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NMR spectrum).
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and econonical, but only Insoluble apparently crosslinked
products could be isolated (Schene 3-4).
Scheae 3-4. Delepine Reaction of Poly(3-chloroaethylarylene ether sulfone), [37]
Ok
I
CHfCl Db

*.r£i

37

EtOH / THF
reflux. 5 h

o

.Ok

Ok
Ok
Insoluble Reoln \ r cj*

38

DHCl/EtOH
reflux
Z)NoOH(eq)
Partially Hydro!1zed Insoluble product

The Delepine reaction involves nucleophilic
displaceaent of active halides by hexanethylenetetranine,
followed by hydrolysis of the interaediate quaternary
anaoniua salt to release the anine. Normally the reaction
is useful for the conversion of alkyl halides to prinary
aaines without concomitant formation of secondary

aminesi67.

Treatment of polymer [37] with hexamethylene-

tetramine in a mixture of ethanol/THF afforded an
insoluble resin, [38].

Our earlier studies with

1,4-diazabicyclo[2,2,2]octane (DABCO) demonstrated that
the reaction could be limited to addition of a single
nitrogen in a multifunctional amine, so we did not
anticipate crosslinking via bis-quat salt formation.
Hydrolysis of [38] with anhydrous HC1 in ethanol
generated free amino groups as evidenced by a positive
ninhydrin test, but quantitative hydrolysis could not be
acheived and the product remained insoluble.

One would

have expected a simple bis-quat to hydrolyze and open the
crosslinked structure.
Seduction of azides is a classical approach to
primary amine synthesis.

Treatment of [37] with NaNs in

DMF or in THF/H 2 O mixtures in the presence of phase
transfer catalysts effects a quantitative conversion to
the corresponding polymeric azide, [39].

Recently the

reduction of azides to primary amines via hydrolysis of
iminophosphoranes produced by interaction of the azide
with triethyl phosphite was reported12 4.

Application of

this technique to the azidomethyl polymer, [39], as shown
on Scheme 3-5, failed to produce a soluble polyamine.
The most successful approach to producing an
aminomethyl derivative was the Gabriel synthesis (Scheme
3-6).

A phthalimide substituent, [40], can be introduced

Schene 3-5. Reduction of Poly(3—azidonethylarylene
ether sulfone), [39], with Triethylphoephite.
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Schene 3-6. Preparation of Poly(3-aninonethylarylene
ether sulfone), [5].
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by Sn2 displacement of the chloride on [37] with
potassium phthalinide under homogeneous conditions in
DMF.

The reaction is quantitative in all D.F. ranges and

the phthalimidomethyl intermediates , [40], are quite
soluble in organic solvents (Figure 3-8).

Direct

phthalimidoBethylation of [25] or [26] can be effected by
the reaction with N-hydroxymethylphthalimlde in trifluoroacetic acid*«2 ; however , some reduction in the
molecular weight of the substituted polymers can be
detected by viscosity measurements ([>7] of [25] = 0.45,
[ij] of [40] = 0.41 dL/g) when the electrophilic phthalimidomethylation procedure is employed.

The aminomethyl

substituent, [5], (Figure 3-9) is released by hydrazinolysis of the phthalimide substituents in mixtures of
THF/ethanol.

The mixed solvent system was necessary;

hydrazinolysis in pure ethanol failed to remove the
blocking groups quantitatively.

Interestingly, the

solubility of the poly(3-aminomethylarylene ether
sulfone), (AMPS), [5], depends upon the D.F.

Polymers,

which are soluble in THF, are formed if the D.F. does not
exceed 1.

By using [5b] with a D.F. = 0.5, AMPS-ICEMA

adduct, [41b], which was soluble in THF, pyridine, and
DMSO, was obtained at room temperature without
difficulties (Scheme 3-7).

IR (Figure 3-10) and NMR

spectra (Figure 3-11 and Figure 3-12) of [41b] provide
clear evidences of the existence of unsaturated double
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Schene 3-7. Reaction of ICEMA with Foly(3-a»inoeethylarylene ether sulfone) in Pyridine.
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Figure 3-11. 100.13 MHz »H NMR spectrum of poly(3-aminomethylarylene
ether sulfone)-ICEMA adduct, [41b] (DMSO-de, 298°K).
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bond; especially, ethylenic H's at 5.61 and 6.01 ppm and
ethylenic C's at 125.54 and 135.71 ppm in DMSO-de.
Attempts to prepare graft copolymers onto this
adduct with acrylonitrile, methyl methacrylate, and
styrene were carried out in the presence of different
initiators, such as AIBN, BPO, and KPS.

The results of

graft copolymerization are shown in Table 3-2 to Table
3-5.

However, all the graft copolymer showed poor

solubility in organic solvents.

IB spectra (Figure 3-13)

of graft copolymers, [42a-c], showed a strong absorption
band at 2250 cm-1 for the nitrile function in the acrylo
nitrile grafts.

Attempts to characterize graft

copolymers of acylonitrile (Figure 3-14)and styrene
(Figure 3-15) with !H NMR spectra failed.

Table 3-2. GRAFT COPOLYMERIZATION OF AMPS-ICEMA,
[41b], (D.F.= 0.5), WITH ACRYLONITRILE
AMPS-ICEMA
(g)
0.5
(0.46 meq)
0.5
0.5

Product
(g)

Acrylonitrile
(g)

Initiator

1.60
(30.15 mmol)
1.60

KPS*

1.09

118.0

AIBNB

0.94

88.0

1.60

BPOB

0.69

38.0

* Total monomer: 1 2.10 g / 20 nL THF + 5 mL H 2 O,
B 2.10 g / 25 mL THF
* Initiator conc.: 1.5 mol-% / total monomer
* Reaction Conditions: 24 h, 55®C.
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Figure 3-13. Infrared spectra of graft copolyners of
[41b] with acrylonitrile in the presence of different
initiators (A, KPS; B, BPO; C, AIBN).
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Figure 3-14. 100.13 MHz 1H NMR spectra of graft
copolyners of [41b] with acrylonitrile in the different
initiators (DMSO-de, 298<>K), (A, KPS; B, BPO; C, AIBN).
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copolymer of [41b] with styrene (DMS0-d«, 298°K), (A,
KPS; B, BPO; C, AIBN).

Table 3-3. GRAFT COPOLYMERIZATION OF AMPS-ICEMA
ADDUCT, [41b], (D.F.= 0.5), WITH METHYL METHACRYLATE
AMPS-ICE
(6)

MMA

Initiator

1.00
5.99
(0.92 aeq) (59.9 aaol)
1.00
5.99
1.00

Grafted Polymer

PMMAc

(g)

(g)

(g)

5.99

KPS A

2.77

1.14

AIBN8

2.38

1.47

BPOB

1.64

0.0

* Total aonoaer: A 6.99 g / 40 aL THF + 10 aL H 2O
B 6.99 g / 50 aL THF
* Initiator cone.: 1.5 mol-X / total aonoaer
* Reaction Conditions: 24 h, 55®C
* c Extracted with acetone.

Table 3-4. GRAFT COPOLYMERIZATION OF AMPS-ICEMA
ADDOCT, [41b], (D.F.= 0.5), WITH STYRENE
AMPS-ICE
(g)
0.50
(0.46 aeq)
0.50
0.50

Styrene
(g)
3.114
(29.9 aaol)
3.114
3.114

Initiator

Total Polymer
(g)

KPSA

0.80C

AIBNB

0.66

BPOB

0.51

* Total aonoaer: A 3.614 g / 20 aL THF + 5 aL H 2O
B 3.614 g / 25 aL THF
* Initiator conc.: 1.5 aol-X / total aonoaer
* Reaction Condition: 24 h, 55<>C
* c without extraction of homopolystyrene.

107

Table 3-5. GRAFT COPOLYMERIZATION OF AMPS-ICEMA
ADDOCT, [41c], (D.F.= 1.0)
AMPS-ICE
g(meq)

Monomer
g (mmol)

0.50(0.80)

styrene
4.17(40.0)

0.50(0.80)
*
*
*
*

acrylonitrile
2.12(40.0)

Graft Copolymer
(g)

Homopolymer
(g)

2.70*

1.30B

1.92c

Monomer cone.: 40.8 meg / 30 mL THF
Initiator (AIBN) cone.: 2 mol-% / total monomer
Reaction Conditions: 80 h, 65®C
Solubilities
* insoluble in common organic solvents
b extracted with toluene
c soluble in pyridine, DMF, and DMSO.

3.3. Synthesis of Poly(2-aminomethyl-1.3-phenylene
arylene ether). T81
The another interesting aminomethyl derivative of
condensation polymers could be derived from direct
reduction of poly(2-cyanophenylene arylene ether), [45].
Enchainment of benzonitrile repeat units is accomplished
by coupling 2,6-dichlorobenzonitrile with the potassium
salt of bisphenol-A; copolymers with reduced nitrile
contents can be produced by polycondensation of bisphenol
-A, 2,6-dichlorobenzonitrile and 4,4'-dichlorodiphenyl
sulfonei••.
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Scheme 3-8. Preparation of Poly(2-aminomethylphenylene arylene ether), [6]
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The pendant nitrile function provides an active site for
further elaboration (Scheme 3-8).

It has been shown that

CKC, [7], can be reduced to APC, [1], using borane
complexes. However, polymer [45] could not be reduced
under similar conditions.

The more powerful reducing

agent, LiAlH4, was required to effect the reduction of
the enchained benzonitrile.

Addition of a THF solution

of [45] to a solution of LiAlH4 in THF produced a
homogeneous reaction mixture, but, within one hour, the
reduced polymeric complexes began to precipitate. High
dilution techniques and long reaction time were applied
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to assure complete reduction.

Isolation of the desired

poly(2-auinoiaethyl-l,3-phenylene arylene ether), [6], was
complicated by the formation of polyamine-metal complexes
and a gelatinous precipitate of hydroxides.

The multi-

step isolation procedure required to free the polyamine
of metal ions reduced the actual yields of [6], which was
identified with HMR and IR spectroscopies (Figure 3-16),
to about 7OX; the intrinsic viscosities of the two poly
mers, [45) and [6] were 0.59 and 0.30 dL/g, respectively.
Thus, the reduction appears to be accompanied by some
chain cleavage.

The solubiity properties of [6) render

it an excellent support for aminoacid grafting in
homogeneous systems.
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CHAPTER 4

GRAFTING OF y-BENZYL-L-GLOTAMATE ONTO AMINATED POLYMERS
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4.1. Introduction
One of the most ubiquitous natural polymers is
chitin.

Crustacean shells are very interesting

composites of chitin, polypeptides or proteins, and an
inorganic filler, calcium carbonate.

Chitin has been

found in the shells of over 150 mollusk species in
amounts varying from 0.01 to 40% of the matrix dry
weight*®9 .

Further, chitin is an important component of

tendons and other stress bearing fibrous protions of
marine animals, where the chitin molecules adopt a highly
oriented structure!70-172.

The conformation and

orientation of the matrix macromolecules were relatively
poorly understood until the seminal X-ray and electron
diffraction studies by Weiner179, who found that there is
an association of chitin in its /3-form (crystalline
parallel chains) with proteins that adopt an antiparallel
/3-sheet conformation.

The chitin polymer appears to be

oriented approximately perpendicular to the protein
polypeptide chains; the crossed chain construction
produces a mesh that contributes to the strength of the
matrix.

Transmission electron microscopy confirms that

the ultrastructure of the matrix is a micro-mesh network
of dense grains united by short, straight and thin
organic connections17 9 .

The sheets of the matrix are

composed of several different layers; the two surface
layers are composed mainly of more soluble acidic
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constituents and the core comprises a thin layer of
chitin sandwiched between two thicker layers of proteins
(Figure 4-1)17 5.

Chitin Binder
~flilSiA A A A A m , > Mi|| inI,p.m

fflj

Carrier Protein

Mineralization Matrix Protein
p 5 lw

(Calcium Carbonate G r a in s g w

E g

Figure 4-1. Crustacean shell composite.

From a chemical point of view, there are two
distinct structural units: a) an acidic polypeptide
fraction with a strong affinity for calcium ions called a
mineralization matrix, and b) a high molecular weight
chitinoproteic complex called carrier protein, with no
affinity for calcium, arranged in the form of sheets. The
nature of the chitin-protein association is poorly

understood, primarily because the form of the linkage
between the two polymers has not been characterized
completely.

There are several potential sites in the

polysaccharide polymer where covalent binding could
occur, but binding to these sites has not been confirmed.
Dissolution of native chitin composites is accompanied by
degradation of both the protein and chitin components so
efforts to ascertain the structure of the binding sites
by solution techniques have failed.
Efforts directed toward development of model systems
have provided useful insights.

Hackman176 has shown that

covalently linked complexes form between ti-acetylglucosamine and chitin when these materials are allowed
to react with peptides containing aspartyl and histidyl
residues, but the structure of these complexes has not
been determined.

Brine and Austin177 showed that the

predominent aminoacids in residual chitin after partial
alkaline hydrolysis were aspartic acid, serine and
glycine, suggesting that these aminoacids may be involved
in the chitin-protein linkage.

In fact, these three

aminoacids comprise 35-50% of the aminoacid residues in
shell matrix.

Formation of a glycosidic ester linkage

between N-acetylglucosamine residues and j8-carboxylic
groups of aspartyl residue would appear the most likely
structure of this linkage and indeed such structures have
been proposed176.

However, neither hydroxylamine nor

lithium borohydride treatment of chitin protein complexes
affected the strong interaction between the two
polymers1 .

Since these reagents cleave ester linkages,

some alternate type of bonding between chitin and
proteins must be considered.
Recent results reported on the nature of the bond
formation during sclerotization in insect cuticle are
enlighting, but introduce further complexity to the
protein-chitin interactionsi«o .

Using CP-MAS *3C and

techniques, the relative concentrations of, and covalent
interactions among catecholamine, protein and chitin in
pupal cuticle of tobacco hornworm, Manduca sexta L., were
determined in situ.

Proteins containing histidine and to

a lesser extent, lysine residues couple via aromatic
carbon-nitrogen bonds to catechol derivatives.

Direct

coupling of the protein to pupal chitin chains appears
unlikely.

Although the exact structure of the histidyl-

catecholamine ring adduct is unknown, the HMR data are
consistent with a product with the following structure
(Figure 4-2).

The locus of the catecholamine-chitin

carbon oxygen bond is drawn between the phenoxy C-3 and
anhydroglucosamine C-4, but phenoxy C-4 as well as other
anhydroglucosamine carbons could participate in the
conjugate

linkage*

80.
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Figure 4-2. Chitin-protein complex180.

The formation of catechol adducts with chitin
residues has received limited attention*•*, and although
it is obviously important in understanding the mechanism
of natural chitinoprotein complexes, this route is not
practical for the production of synthetic graft
copolymers of aminoacids onto polysaccahrides as
components for biocomposites.

Materials which duplicate

the strength and durability of chitin composites can be
produced from more accessible cellulose derivatives by
grafting techniques.

Moreover, utilization of the graft

copolymers of aminoacids onto natural and synthetic
polymers is interesting as completely biodegradable
carriers for pharmacons and agricultural chemicals.
Therefore, more direct techniques have been applied to
the synthesis of aminoacid graft copolymers.
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Polymers with pendant reactive peptides are also
interesting as potential controlled release agents.
Either the free amino function at the end of the peptide
chains or the benzyl ester substituents on poly(y-benzylL-glutamate), (PBLG), can be coupled with an appropriate
pharmacon, which can be released in vivo by peptidases.
Our attention was focused initially on cellulose
derivatives,

[ 1]

and

[ 2 ],

in an effort to produce a

completely biodegradable polymer delivery system; initial
results on this problem appear promising.

Unfortunately,

poor solubilities of the cellulose grafts make charac
terization of the modified derivatives very difficult.
Therefore, aminated poly(arylene ether) derivatives, [4],
[5], and [6], were employed as soluble macroinitiators in
an effort to produce soluble graft copolymers, which
could be cast into membranes.

The soluble copolymers can

be studied by numerous solution techniques, and some
insight into the unique properties imparted by the
peptide grafts can be gained.
PBLG was selected as the representative peptide
unit, because PBLG is not only a well characterized
hydrophobic polypeptide known to adopt a several
secondary structures, but also it can be converted
readily into a number of derivatives ranging in
properties from hydrophobic to hydrophilic.

Hydrolysis

of the benzyl ester produces poly(glutamic acid)
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complexes, which should be capable of binding inorganic
fillers; thus, strong biocomposites could be formed.
The polymerisations of various NCA's to form linear
polypeptides have been reported in the literature for
many years1®2-18®.

These MCA polymerizations are

generally initiated by primary, secondary, or tertiary
amines.

Other nucleophiles, such as water and alcohols,

will also initiate the ring-opening polymerization of
NCA's.

Kinetic studies suggest a rather complicated

mechanism that is influenced by the type of initiator and
the type of solvent.

Scheme 4-1. Mechanism of Polymerization of NCA with
Primary Amines
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It is generally accepted that a primary amine
initiator will give a nearly monodisperse polymer and the
primary amine becomes the end group of the polypeptide
chain*87.

Scheme 4-1 showed the mechanism of NCA

polymerization with primary amine initiator.
The peptide chain will form a-helices as the
polymerization ensues provided the reaction is done in a
helicogenic

s o l v e n t * 8®.

it

is also expected that each

amino function in macroinitiators containing branched
primary amines

will initiate at equal rates.

Hence,

chains will propagate from all amino sites, and the
molecular weight of each branch should be nearly the
same.

4-2. Genesis of Polypeptide Graft Copolymers
Multichain copolymers are defined as bundles of
uniformly linear polymer chains attached to a poly
functional core*89.

The branching should be introduced

without concomitant crosslinking to assure the formation
of soluble graft copolymers.

Graft copolymers of

aminoacids should exhibit unique properties since both
core and branch polymer chains can form rod-like,
a-helical structures under certain conditions, and the
overall conformation of the macromolecule is rigidly
defined.

Conditions can be selected to produce peptide

grafts with narrow molecular weight distributions.

Thus,
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a study of the hydrodynamic properties of polypeptide
graft copolymers should provide worthwhile data to
confirm the theories of branched polymer dynamical®s.
In 1955, Katchalski, Sela, and Gehatia190 first
prepared several multichain poly(aminoacids) by using
polylysine or polyornithine as a macroinitiator in the
polymerization of NCA's.

The macroinitiators were

prepared by polymerization of the appropriate NCA to
moderate average degree of polymerization (D.P.= 30-200).
Graft polymerizations onto those polymers could be
conducted in a 1:1 mixture of dioxane and diluted
phosphate buffer (pH=7), because NCA's are known to react
with amines considerably faster than with water19*»19 2.
The structures of the grafts were confirmed by
chromatographic separation of hydrolysates labelled at
N-terminal sites with dinitrophenol.

In each case, a

sharp molecular weight distribution of multichain
poly(aminoacids) which contained grafts of up to a D.P.
of 25 was obtained.

Apparently the side chains were

produced without encountering any termination during the
grafting process.

The viscosity of those multichain

poly(aminoacid8) showed a peculiar non-linear concentra
tion dependence, similar to the one found by Batzer1fi3
for branched polyesters.

The unusual behavior was

consistent with that expected for branch polymers with a
high chain density194.

Several years later, Sela et al.195 reported that
gelatin modified by attachment via its amino groups to
short peptide chains of tyrosine, tryptophan, phenyl
alanine, and, to a less extent, cysteine, had
considerably greater immunogenicity than unmodified
gelatin.

Enhancement of immunogenicity due to an

increase in rigidity of part of the active site in the
molecule was proposed.

Although polar aminoacid residues

did not generally enhance immunogenicity, enrichment of
gelatin with both tyrosine and glutamic acid yielded a
powerful antigen of very narrow specificity.

To resolve

the question concerning the contribution of gelatin
itself towards the immunological properties of the new
antigens, Sela et al.is® successfully used completely
synthetic multichain poly(aminoacids) as replacements for
the gelatinous antigens.

They concluded that the overall

shape of the molecules did not seem to be a critical
factor and that the aminoacid composition was the most
important factor in determining immunogenicity.
To improve the graft yield and to avoid
contamination by linear poly(aminoacids) formed as
by-products in aqueous systems, a non-aqueous solvent
system for peptides, anhydrous DMSO, was employed for the
preparation of multichain poly(aminoacids) from poly
lysine and various NCA's by Stahmann et aJ.i97.is®.
multichain poly(aminoacids) prepared under these

The

conditions exhibited a single, broad molecular weight
distribution, which is characteristic of the alkoxide
initiated NCA polymerization used to prepare the
macroinitiator.
In 1965, a number of multichain poly(aminoacids)
were also synthesized by reaction of NCA's with high
molecular weight multifunctional amines, such as poly
lysine (D.P. up to TOO) or preformed multichain
poly(aminoacids)i99.

The optimal conditions for removal

of protecting benzyl ester groups of multichain
poly(aminoacids) were also established, i.e. HBrtreatment in glacial acetic acid was sufficient to remove
benzyl ester groups without cleaving peptide bonds.
Yaron and Berger*"

were also pioneers in the study of

the hydrodynamic, electrochemical, and conformational
properties of these synthetic protein models.

Applying

an " equivalent ellipsoid ” approach to interpretation of
hydrodynamic measurements, such as diffusion, partial
specific volume, and

dispersion^

o0 , 2 0 1 , reasonable values

were calculated for the length of the resulting polymers.
Electrochemical studies showed that the various ionizable
groups in the model polypeptides exhibited dissociation
constants similar to those observed for the corresponding
groups in proteins.

Helical conformations were also

detected by measuring optical rotations or optical
rotatory dispersions (ORD) when the D.P.'s of the side

chains were long enough.

The polyelectrolyte character

of the models was apparent; intrinsic viscosities of
these polymers were strongly solvent dependent, for
example, that of multi-poly(y-benzyl-L-glutamyl-poly-Llysine) was much larger in dichloroacetic acid(CHCl2C00H)
than in N ,N-dimethylacetamide (DMAc).
More than a decade later, Sakamoto and

Kuroyanagi2 02

studied the multichain polymers produced by addition of
N*-carbobenzyloxy-L-lysine NCA to random poly(L-lysineco-y-methyl-L-glutamate) generated from selective
deblocking of the L-lysinylcarbobenzyloxy substituent
with 36% HBr in acetic acid at room temperature.

The

branching intervals were controlled by the ratio of
y-methyl-L-glutamate to N f-Cbz-lysine.

The D.P.'s of the

branch polymer chains were estimated by osmometric
molecular weight and aminoacid analysis, and the
a-helical conformational stability of the copolymers was
evaluated using ORD techniques.

Multichain copoly-

(aminoacids) seemed to be more compactly shaped in a
helix inducing solvent than in a solvent favoring a
random coil conformation, but the a-helical conformation
of multichain poly(aminoacids) was shown to be less
stable than that of linear core poly(aminoacids).
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.4,2.1. Polypeptide Grafting onto Natural Polymers
A few methods are known for attaching aminoacid
units to the hydroxyl group of polysaccharides, including
the reaction of acid chlorides of aminoacids with
polyhydroxy polymers in a basic medium203-205, or with
aminated cellulose derivatives20®, or amine
derivatives207, or by simple esterification of the
polyhydroxy polymer with N-acetyl aminoacids20® .

Single

aminoacid substituents can not be considered grafts.

At

best these derivatives could be used as macroinitiators.
The first attempts to produce a graft copolymer of
poly(aminoacids) onto the natural polymers, such as
cellulose, starch, and their derivatives, were carried
out by Zilka and Avny20® in 1965.

Sodium methoxide was

known to be an initiator of NCA polymerization2°9,2 1 o .
Therefore, they proposed to use alkoxide derivatives of
polysaccharides as macroinitiators for the graft copoly
merization of NCA's of a-aminoacids.

All known methods

for production of alkoxide derivatives of natural
polymers, such as the reaction of polyhydroxypolymers
with sodium metal in liquid ammonia2** or exchange
reactions between lower alkoxides and polyhydroxypolymers2*2-2K , were unsatisfactory for the subsequent
graft copolymerization of NCA's, because any residual
base would lead to homopolymerization.

In addition,

alkoxide derivatives of cellulose acetate2*5 and nitro
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cellulose216 could not be obtained by these conventional
methods due to chemical degradation.
Zilka et al .208 finally found that the reaction of
alkali metal naphthalenes with polyhydroxy polymers in
either DMSO or dioxane solutions, in analogy with the
behavior of simple

alcohols2

if, lead to the formation of

the desired polyalkoxides (Scheme 4-2).

Scheme 4-2. Application of Cellulosate Macroinitiator

r

0MS0
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A

By using these macroinitiators, such as starch and
cellulose acetate derivatives, grafts of

-aminoacids

(phenylalanine, glycine, BLG, sarcosine, and blocked
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cysteine) were obtained with high yield (>70%) in DMSO,
dioxane, THF, and DMF.
Evaluation of the graft chain length in the products
revealed that less than 10% of the alkoxy groups were
effective in initiating an NCA graft.

Attempts to

conduct the graft copolymerization of aminoacids to a
polyalkoxide of cellulose itself failed due to the
heterogeneity of the system.

Therefore, they used an

amino derivative of cellulose xanthate, soluble in DMSO,
DMSO-water and in 4% aqueous sodium hydroxide, as the
macroinitiator.

It is of interest to note that the graft

copolymers obtained were not significantly contaminated
with homopolypeptides even in 4% aqueous sodium hydroxide
solution.
The possible mechanism for NCA initiation with
polyalkoxy macroinitiators was also investigated by Zilka
and

Avny2i»,2i9

by studying low D.P. homogeneous graft

copolymerization of NCA's of BLG and N f-carbobenzyloxyL-lysine on cellulose acetate alkoxide.

They found that

the initiation reaction was a direct addition of the
alkoxide to the C-5 carbonyl of the NCA, as evidenced by
the formation of graft copolymer coupled by an ester link
to the polysaccharide.

This result must be considered

contradictory evidence for the activated monomer
mechanism suggested by Bamford et a l . * " and

Szwarc^io,

and supportive of the carbamate mechanism initially

127

proposed by Idelson and Blout 2 2 0 .

Although there are

extensive discussions on NCA polymerization mechanisms in
the llterature22i-224, several aspects of the propagation
process remain unresolved.
Recently, two papers describing graft copolymeriza
tion of y-methyl- or y-benzyl-L-glutamate onto modified
polysaccharides which contain primary amino groups
appeared. Kurita et al .2 2 5 reported the production of a
graft copolymer of y-methyl-L-glutamate on a watersoluble 50% deacetylated chitin.

Relatively high

grafting efficiency leading to the formation of low D.P.
(< 6) side chains could be achieved in a homogeneous
mixed solvent medium like ethyl acetate/ water.

None of

the resulting copolymers were soluble in water, but they
did swell in m-cresol.

After deblocking of the y-methyl

ester in 1M sodium carbonate at 70 <>C, the poly (glutamic
acid) derivatives were soluble in water and m-cresol.
High grafting efficiency (>85%) of aminoacids onto
cellulose was achieved with aminoethyl- or aminopropylcellulose as macroinitiators for NCA polymerization in a
heterogeneous system (DMSO) at room temperaturen 4.
Using low D.S. (0.05) aminoethylcellulose, soluble grafts
with up to 18 BLG residues could be obtained.

The

soluble graft copolymers could be cast into films from
CHClzCOOH, CFaCOOH, HCOOH or LiCl-DMAc solutions.

Since

benzyl esters are rather hydrophobic, the peptide grafts
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were modified with 2-aminoethanol to produce the
corresponding 2-hydroxyethyl-L-glutamine grafts (PHE6).
The PHE6 copolymers were twice as water absorbent, but
both types of graft copolymers exhibited excellent
antithrombogenic properties.

4.2.2.

Polypeptide Grafting onto Vinyl Polymers

Vinyl polymers with pendant primary amino groups
have proved useful for the variety of reactions226.

if

the primary amino group is aliphatic, the polymerization
of NCA's is initiated effectively by the nucleophilic
addition of amino group to the NCA and the resulting
poly(aminoacids) carry the initiator fragment at the
C-terminal.

If polymers carrying pendant amino groups

are used as macroinitiators for the NCA polymerization,
graft copolymers are formed in which the flexible vinyl
hydrocarbon backbone constitute the trunk and the poly(aminoacids), which assume a-helical conformations, form
rather rigid branches. Since the trunk and the branches
would not be expected to be compatible, the resultant
copolymers should form interesting phase separated
domains.
One of the earliest reports of graft copolymers
containing polypeptide side chains involved production of
a macroinitiator by modification of poly(vinyl alcohol)
with 1,l-diethoxy-2-aminoethane2 27 .

Low concentrations
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of the aminoacetalized poly(vinyl alcohol) in anhydrous
ethyl acetate were used to initiate

y-methyl-D-glutamate

as shown on Scheme 4-3.

Scheme 4-3. Formation of Aminoacetalized Poly(vinyl
alcohol)
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In the early 1980's, Imanishi22ft described the
preparation of a series of vinyl backbone peptide graft
copolymers of phenylalanine and BLG with homo- or copoly-
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(alkyl amines).

The hydrocarbon backbone containing

primary amino groups was synthesized by selectively
blocking one amino function on ethylene diamine while
converting the second amine to an acrylamide (Scheme
4-4).

Polymerization and copolymerization of these

monomers with styrene, 2-vinylpyridine, aerylonitrile,
methyl methacrylate, and N-vinylpyrrolidone, followed by
deblocking the polymers with HBr/acetic acid or Ha/Pd,
yielded polymers with pendant primary amino functions in
a variety of environments.
The graft copolymerizations were carried out with
various grafting efficiencies (34.6-95.1%) in DCM, CHCla,
and DMF at room temperature for 21 h up to 210 h.

The

microstructure of the graft copolymers was studied using
transmission electron microscopy.

An electron micrograph

of a film of poly[(N-2-aminoethyl)acrylamide-co-styreneg-V-benzyl-L-glutamate] cast from a tetrachloroethane and
stained with phosphotungstic acid showed the formation of
crystalline, rod-like domains made up of PBLG branches,
placed in an amorphous region made up of trunk poly
styrene.

Thus, the formation of microdomains was

confirmed.
Another approach to make homo- or copolymers which
contain primary amino functions was developed by Maeda
and

coworkers229.

a

lithium alkylamide catalysed

addition of mono N-alkylsubstituted ethylene diamines to

Schene 4-4. Formation of Polyacrylaaide with Anino Substituents.
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1,4-divinylbenzene, yielded a atyrene derivative
containing both tertiary and primary amino groups (Scheme
4-5).

Scheme 4-5. Synthesis of Ethylenediaminoethyl-Styrene
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By copolymerizing of the aminated styrene derivative with
other vinyl monomers, such as styrene23o,23l and butyl
m e t h a c r y l a t e * * , copolymers having various amounts of
reactive primary amino groups in the side chains were
easily prepared.

The tertiary amino group in the polymer

substituent would be expected to initiate the HCA

133

polymerization also.

However, model studies using

N ,N-dimethylethylene diamine showed that the predominant
initiation mode was induced by the primary amino group to
give polyalanine with a 2-(dimethylamino)ethylamido end
group?35. Graft copolymers of poly(aminoacids), PBLG and
poly(/3-benzyl-L-aspartate) , with desired peptide side
chain D.P.'s (5-17) were prepared in THF or THF-DCM at
30-35 ®C for 18 h to 6 days by using aminated copolymer
as a macroinitiator.

This research group?3* pioneered

solution NMR chacterization techniques for the grafted
copolymers using TFA-CDCls solvent mixtures.

The average

number of aminoacid residues in the poly(aminoacid)
grafts, determined by *H-NMR using the area ratio of
protons on the styryl aromatic rings to that of a-CH
(L-alanine) or benzylic CH 2 (BLG, or /3-benzyl-L-aspartate
substituents), was in fair agreement with the initial
mole ratio of NCA to primary amino groups in
macroinitiator.

Gel permeation chromatography showed

that the products were contaminated by a very small
amount of low molecular weight homopoly(aminoacid). This
approach was employed to make permselective biomembrane
models from copolymer, which was prepared from butyl
methacrylate and aminated styrene, and NCA's?3?-?35.
Recently, several other aminopolymers were
synthesized for the NCA polymerization.

Ichie and

coworkers?33 used copolymers of styrene-vinyl benzylamine

and methyl methacrylate-vinyl benzylamine for NCA
polymerization to study the kinetics of NCA polymeriza
tion with macroinitiators.

The polymerization was

first-order with respect to monomer concentration and was
much faster in nitrobenzene than in dioxane or THF.
Kiba2 37

patented a new system for NCA polymerization

with the different aminopolymers produced according to
Scheme 4-6.

He also claimed the ester exchange reaction

of the resulting graft copolymer with ethylene
cyanohydrin over p-toluene sulfonic acid.
Scheme 4-6. Direct Formation of Poly [(2-aminoethyl)am inome thy lstyrene-co-styrene]
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Ogata et al.238-241 published several applications
with graft copolymers of PBLG onto suspension polymerized
crosslinked polystyrene beads containing aminomethyl
functions (Scheme 4-7).

The benzyl ester group of the

polypeptide side chain was converted either to benzyl
amide by aminolysis or to free acid by hydrolsis and the
effects of the polypeptide graft side chain functionality
on the efficiency of optical resolution was evaluated.
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Scheme 4-7. Production of Aminomethylated Polystyrene
Beads23®-241
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4.2.3. Applications of Aminoacid Graft Copolymers
Limited reports concerning applications of the graft
copolymers of aminoacids onto natural and synthetic
polymers have appeared.

The reports focus on the

following three possible applications: 1) adsorbents for
chromatographic optical resolution of racemic mixtures,
2) permselective biomembranes, and 3) biomedical
materials.
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Applications for Optical Resolution of Racemic
Mixture
Since conventional methods of resolution of racemic
mixtures toy fractional recrystallization of their
corresponding diastereomeric salts is often laborious,
generates low yields, and does not always produce high
optical purity, a direct chromatographical optical
resolution method is desired.
extensive

research2

During the past decade,

^2 - 2 49 has been carried out in an

effort to prepare novel chiral adsorbents based on silica
gel for liquid chromatography.

Polymer-based adsorbents

with highly ordered helical side chains, which amplify
the chirality of poly(aminoacids), should be very
effective.

A recognition interaction similar to that of

natural enzymes between the poly(aminoacid) helix and the
various stereoisomers by hydrogen bond association may be
anticipated2 * 1 .
Kiba2*7 patented a chromatographical optical resolu
tion method for a racemic mixture of D- and L-mandelic
acid which employs high-pressure liquid chromatography
using polystyrene-based adsorbents which contain poly(y-methyl-L-glutamate) and poly[y-(3-cyano)propyl-Lglutamate).

More recent publications describing

applications of aminoacid graft copolymers as adsorbents
have been reported by Ogata and coworkers23®~2**.

They

observed that polystyrene-based adsorbents incorporating
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several types of covalently Immobilized poly(a-aminoacids), such as PBLG, poly(N5-benzyl-L-glutamine), and
poly(glutamic acid), were useful for effecting the
resolution of racemic mixtures like (R,S)-5-isopropylh y d a n t o i n 2 3 8 , 2 4 0 , 24i

and (D,L)-mandelic

acid239.

The

D.P.'s and functionality on the side chain of the
incorporated poly(aminoacids) were found to be the
critical factors determining the extent of resolution.
Reasonable resolution were accomplished on adsorbents
with poly(aminoacids), D.P.=14 and 36; whereas, short
graft with a D.P.=2 failed to effect resolution.
Further, better optical resolution was obtained with a
benzylamine modified adsorbent containing poly(N5-benzylL-glutamine) side chain than with adsorbents containing
PBLG or poly(glutamic acid) side

chain

25 0 .

Applications as Permselective Biomembranes
Protein molecules may undergo reversible conforma
tional changes to create a "hole" or a "channel" in the
membrane for the specific substrate

transported2 51

.

As

an example of a synthetic membrane mimicing the function
of biomembranes, i.e. specific, facilitated, active
transport, Inoue and

coworkers252

described the first

case of pH-induced reversible conformationa1 changes in
the transmembrane polypeptide domain of a synthetic
membrane prepared from a copoly[(butyl methacrylate)-^-
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(L-aspartic acid)].

The changes in conformation mere

confirmed using circular dichroism measurements. This
synthetic graft copolymer was found to have microdomains
of poly(aminoacids) similar to biomembrane23®, and was
regarded as a transmembrane for sodium cation243 and
permselective membrane of sugars232.

They233 also

demonstrated regulation of solute permeability by a
divalent cation, Ca++, in a polymer membrane of the graft
copolymer of (L-glutamic acid) on a copolymer of butyl
methacrylate and aminated styrene.

Permeability of

phenyl-1,2-ethanediol through this membrane was
remarkably reduced in the presence of Ca++ and restored
by addition of a competive calcium binder, ethylenediaminetetraacetic acid.

Application in Biomedical Materials
In early 1980, Maeda and

coworkers253

first showed

the applicability of aminoacid graft copolymers as
biomedical membranes for a chromatographic cell
separator.

Recently, Miyamoto et al.*44 reported

preliminary results on favorable blood compatibility of
aminoethylcellulose graft copolymers of PBLG and poly(N5-2-hydroxyethyl-L-glutamine) with poly(aminoacids)
contents ranging from 7 to 60 mole-%.

An in vivo method

involving peripheral vein indwelling polyester sutures
coated with these graft copolymers was employed.

These

graft copolymers were found to have excellent
antithrombogenic properties and good absorbability; about
25% of the sample copolymers was absorbed within 4 weeks
of implantation.

4.3. Cellulose Graft Copolymers
Grafting of BLG-NCA to aminopropylcellulose, [1],
could be accomplished at room temperature in dried THF
(Scheme 4-8).

The cellulose derivative, [1], did not

appear swollen in THF but there were enough active amino
sites accessible on the surface of backbone cellulose to
allow the polymerization of NCA to proceed without
difficulty.

The graft copolymers were not soluble in

most solvents, but did swell in THF, DMSO, and pyridine
(Table 4-1).
TABLE 4-1. GRAFT COPOLYMERS OF y-BENZYL-L-GLUTAMATE
WITH 0-(3-AMINOPROPYL)CELLULOSE, [1], (D.S. = 0.3)

[46a]
[46b]
[46c]
[46d]

APC&
(g)

NCA
(g)

1.076C
0.687
0.504
0.303

0.424C
0.813
0.995
1.197

[46e] 0.169

1.331

NCA/APC
Grafting DPB
(mol/mol) Efficiency
0.94
2.81
4.67
9.38
18.7

89.0%
80.2
76.7
87.6
70.5

0.8
2.3
3.6
8.2
13.2

Conformat ion
a-Helix
a-Helix
a-Helix
/8-Sheet +
a-Helix
/3-Sheet +
a-Helix

a 0-(3-Aminopropyl)cellulose, 1.6 meq/g of NH 2
B Average D.P. of grafts based upon weight gain
c Reaction Conditions: total reactant conc., 1.5 g / 25
mL THF; R.T., 48 h.

Schese 4-8. Graft Copolynerization of BLG-NCA
0-(3-A»inopropyl)cel!ulose, [1].
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Infrared spectra were very useful in confirming the
extent of grafting and for identifying the secondary
structure of the peptide units grafted.

Several

publications25 4 - 2 5 8 document the critical chain lengths
for /3-sheet (4-7 aminoacids) or a-helix (>11 aminoacids)
formation and identify the IB absorption bands in the
amide region associated with a given conformation.

The

APC grafts, [46a], [46c], and [46e], (Figure 4-3)
exhibited strong peaks at 1655 and 1550 cm-* for amide I
and amide II bands, respectively, suggesting an cr-helical
conformation even though the theoretical D.P. of the
grafts was calculated to be less than 5.

Apparently, the

actual percentage of amino functional groups which are
effective initiators is much lower than that determined
by titration, and a limited number of grafts with D.P.'s
>11 are formed.

The appearance of /3-sheet structures at

high ratios of BLG-NCA to [1] suggests that the rate of
initiation is much slower than that of propagation due to
the heterogeneous system, but incorporation of a few
grafts enhances the accessibility of the amine sites.
Thus, long chain grafts are produced initially, followed
by short chains initiated by the amine groups unveiled by
the graft induced swelling of the cellulose matrix.

Both

the insolubility and the obvious variation in graft
structure forced us to seek a more tractable system to
utilize in characterization of peptide graft copolymers.
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Figure 4-3. Partial infrared spectra of aninopropylcellulose-PBLG graft copolyners, ( A , [46a], D.P. = 0 . 8 ; 6 ,
[46c], D.P.= 3.6; C, [46e], D.P.= 13.2).

Preparation of cellulose graft copolymers of BLG-NCA
in a homogeneous system Has attempted with 6-amino-6deoxycellulose acetate, [2], which is soluble in DMF,
DMSO, and pyridine.

Polymerization of BLG-NCA with [2]

as a macroinitiator was carried out in DMF at room
temperature (Scheme 4-9).

Grafting efficiencies (Table

4-2) were dependent on the concentration of macro
initiator [2] in DMF; only in a diluted system (less than
0.35 g of [2] in 20 mL of DMF) was high grafting (>80%)
achieved.

TABLE 4-2. GRAFT COPOLYMERS OF y-BENZYL-L-GLOTAMATE
WITH 6-AMINO-•6-DEOXYCELLULOSE ACETATE, [2]
ADCAA
(g)

NCA
(g)

NCA/ADCA Grafting DPB Conformat ion
(mol/mol) Efficiency

[47a] 0.35C

0.15C

[47b] 0.25
[47c] 0.15
[47d] 0.04

0.25
0.35
0.46

8.2
20
89

64.7
92.4
95.0

5.3
19
88

[47e] 0.35»
[47f ] 0.25D

0.15D
0.25D

3.7
8.2

83.8
86.6

3.1
7.1

A
B
c
D

3.7

38.5%

1.4

Random +
a-Helix
a-Helix
a-Helix
a-Helix

Random
/8-Sheet +
o-Helix
6-Amino-6-deoxycellulose acetate, 0.47 meq/g of NH 2
Average D.P. of grafts based upon weight gain
Reaction Conditions: total reactant cone., 0.5 g / 10
mL DMF; R.T., 48 h.
Reaction Conditions: total reactant conc., 0.5 g / 20
mL DMF; R.T., 48 h.
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Scheae 4-9. Graft Copolyaerization of BLG-NCA with
6-A»ino-6-deojcycellulose Acetate, [2].
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The aromatic ring (7.2 ppm) and the benzylic CH 2
(5.01 ppm) associated with the BLG structure can be
cleanly identified in the 1H NMR spectra (Figure 4-4) of
the grafted polymers, [47]; however, attempts to
calculate the D.P.of grafted BLG were not successful, due
to the complicated base peaks and the anisotropic
properties of the cellulose backbone.

Identification of

the secondary structure of the peptide units grafted by
infrared spectra (Figure 4-5) indicated that in all
cases, a-helical conformations were present.

Even in low

ratios of BLG-NCA to [2] (<8.2), a-helical structures
still existed.

Strangely, the formation of the /3-sheet

structure was not detected in any cases except in the
case of [47f], where the grafting reaction was conducted
under very diluted conditions.

4.4. Poly(arylene ether) Graft Copolymers
Soluble, well characterized polymers with primary
amine substituents, [4], [5], and [6], were used to test
the accessibility theory.

Poly(3-aminoarylene ether

sulfone), [4], prepared by reduction of the corresponding
nitro derivative, dissolved readily in THF and CHCla;
intrinsic viscosity measurements indicated that little
change in molecular weight occurred during the reduction.
However, we observed that very low NCA grafting
efficiencies were obtained with [4] as the macroinitiator
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(Scheme 4-10).

The nucleophilicity of these aromatic

polyamines is not high enough to initiate the
polymerization of NCA's effectively.

Further, in

contrast to the results obtained with [1], a termination
reaction limited the length of the peptide grafts.

Even

in the presense of a fifty-fold excess of BLG-NCA the
average D.P. of the grafts was only 13 (Table 4-3).

TABLE 4-3. GRAFT COPOLYMERS OF y-BENZYL-L-GLUTAMATE
WITH POLY(3-AMINOARYLENE ETHER SOLFONE), [4]
<
CO «“s
5*5

NCA NCA/APS
Grafting DPB DPC Conformat ion
(g) (mol/mol) Efficiency

1
[48a] 0.53D 0.47D
[48b] 0.36
[48c] 0.22
[48d] 0.10

0.64
0.78
0.90

5
10
20
50

10.0%
30.0
25.0
26.0

0.3

0.5

3.4 3.0
6.2 5.0
13.6 13.0

Random +
Sheet
/3~Sheet
/3-Sheet
a-Helix

A Poly(3-aminoarylene ether sulfone), [4], 0.67 meq/g of
NH2
b Average D.P. of grafts based upon weight gain
c Average D.P. of grafts based upon *H NMR
*> Reaction Conditions: total reactant conc. , 1.00 g / 30
mL THF; R.T., 48 h.

Reduction of the cyano functional group on poly(2cyano-l,3-phenylene arylene ether), [45], with LiAlH4
produced poly(phenylene arylene ether) with benzyl amine
substituents,[6].

Utilization of [6] as a macromolecular

initiator yielded results more consistent with our
expectations; i.e. the D.P. of the grafts could be
controlled by the BLG-NCA:amine feed ratio (Scheme 4-11).
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Scheee 4-10. Graft Copolyneriaation of BLG-NCA with
Poly(3-aainoarylene ether aulfone), [4].
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Scheme 4-11. Graft Copolymerization of BLG-NCA with
Poly(2-aminomethylphenylene arylene ether), [6].

CHfe

CH2NH2

I
- ©

- c C- ©

I

- o - ^ r

CHs

0
//
B2 -O -C -C H 2 CH2
t* c
II
<
•C"Cv
0
I D
HNUjA

THF /

R.T.

\\

0
0
II
C -O -B z
I
CHz

CH 3

I

S -O -B z
I
CHz
I
0 CHz
r o ?Hz
J
ll ‘
CH2 NHC-C H -N H 4 - C-CH-NHH-H
u
Jn

C

I
CHa

0

49

151

However, a-helical conformations were detected in the
sample with an average graft length of 6.4, indicating
that an equal distribution of the monomer among all the
pendant amine initiators was not obtained (Table 4-4).
Polymer [6] is rather difficult to synthesize and purify,
but the activity of aminomethyl groups as initiators for
NCA polymerization was demonstrated.

TABLE 4-4. GRAFT COPOLYMERS OF X-BENZYL-L-GLOTAMATE
WITH POLY(2-AMINOMETHYLPHENYLENE ARYLENE ETHER), [6]
AMAEA NCA NCA/AMAE Grafting D P B
(g) (mol/mol) Efficiency
(g)
[49a] 0.20» 0.12D
[49b] 0.15 0.27
[49c] 0.10 0.42
[49d] 0.10

1.20

1
3

7
20

90.0%
96.7
91.4
86.0

0.6
2.7
6.2

DPC

0.9
2.9
6.4

16.9 17.2

Conformation
Random
Random
/3-Sheet +
a-Helix
/3-Sheet +
a-Helix

Poly(2-aminomethylphenylene arylene ether), 0.23 meq/g
of NH2
b Average D.P. of grafts based upon weight gain
c Average D.P. of grafts based upon *H NMR
D Reaction Conditions: 30 mL THF, R.T., 24 h.
a

The more interesting soluble sacroinitiator for
polymerization of BLG-NCA was [5], which contains readily
accessible aminomethyl groups.

The phthalimidomethyl-

ation of poly(arylene ether sulfone), [25], with Nhydroxylmethylphthalimide in DCM-TFA could be controlled
to any desired D.S., although some reduction in the
molecular weight of the substituted polymers was detected
by viscosity measurements.

The aminomethyl substituents,
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[5], were released by hydrazinolysis of the phthalimide
substituents in a 50:50 (v/v) mixture of THF and ethanol.
Polymer [5] with low amine contents (D.F. <1) is soluble
in CHC13, dioxane, THF, DMSO, and pyridine.

Using [5c],

D.F. = 1.0, graft copolymers [50a]-[50e] were synthesized
(Scheme 4-12).

The average D.P. of the grafts appeared

to be correlated directly with the BLG-NCA:amine feed
ratio (Table 4-5).

TABLE 4-5. GRAFT COPOLYMERS OF y-BENZYL-L-GLUTAMATE
WITH POLY(3-AMINOMETHYLARYLENE ETHER SDLFOHES),[5b] AND
[5c]
AMPS*
(g)

NCA NCA/AMPS Grafting DPB DPC Conformation
(g) (mol/mol) Efficiency

[52a] 9.00D 10.38»

4

97.5

13.7

98.5

[52b] 1.50

5.92

[50a]
[50b]
[50c]
[50d]
[50e]

0.358* 1
0.625
3
0.796
7
0.848 10
0.918 20

0.642*
0.375
0.204
0.152
0.082

3.6

3.9

12.8 13.5

90.0 0.8 0.9
93.3 2.5 2.8
100
6.6 7.0
90
8.1 9.0
82
16.3 16.4

Random +
/3-Sheet
/3-Sheet +
a-Helix
Random
Random
Random
/3-Sheet
/3-Sheet +
a-Helix

Poly(3-aminomethylarylene ether sulfone): [5b], 1.095
meq/g NH 2 for [52]; [5c], 2.123 meq/g NH 2 for [50]
B Average D.P. of grafts based upon weight gain
c Average D.P. of grafts based upon *H NMR
* Reaction Conditions: *> total reactant cone., 7.00g/100
mL THF; R.T., 48 h
* total reactant conc., 1.00g/25mL
THF; R.T., 24 h.
a
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Schene 4-12. Graft Copolyuerization of BLG-NCA with
Poly (3-aninoi>ethy larylene ether sulfone), [5].
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The conformations of the BLG grafts were assigned from
the IR spectra of films.
were soluble in

The graft copolymers, [50a-e],

hot pyridine and 5 v/v% TEA in CHCls.

However, attempts to confirm

the D.P.'s of BLG grafted to

the backbone of

polymer [25] from the relative

integrations of

*H NMR peaks at 5.04 ppm (benzylic H's of

BLG) and 1.70 ppm (methyl H's of backbone polymer) were
thwarted on these densely grafted copolymers due to the
relatively high contents of PBLG units relative to the
backbone.
Using polymer [5a], D.F. = 0.2, reduced the loading
on the backbone and

produced a better balance between

graft and backbone properties.(Table 4-6).

TABLE 4-6. GRAFT COPOLYMERS OF y-BENZYL-L-GLOTAMATE
WITH POLY(3-AMINOMETHYLARYLENE ETHER SULF0NE)S, [5a]
AMPS*
(g)

NCA MCA/AMPS Grafting DPB DPC Conformation
(g) (mol/mol) Efficiency

[51a] 0.739° 0.262°
[51b] 0.630 0.370

3
5

83.3%
90.0

2.9
4.7

2.5
4.0

9.8

9.5

[51c] 0.460

0.540

10

95.0

[51d] 0.362

0.638

15

90.7

13.4 13.6

[51e] 0.254
[51f ] 0.145
[51g] 0.078

0.746
0.855
0.922

25
50
100

96.0
88.0
85.0

23.6 24.0
48.3 44.0
95.5 85.0

Random
Random +
j8-Sheet
fl-Sheet +
a-Helix
j8-Sheet +
a-Helix
a-Helix
a-Helix
a-Helix

A Poly(3-aminomethylarylene ether sulfone): [5a], 0.477
meq/g NHz
B Average D.P. of grafts based upon weight gain
c Average D.P. of grafts based upon *H NMR
D total reactant conc., 1.00 g / 30 mL THF; R.T., 48 h.

These copolymers, [51a-g], were soluble in pyridine and
DMSO; copolymers with a low D.P.(<15 PBLG units), were
also soluble in CHCI 3 and THF.

The graft copolymeriza

tions were carried out with greater than 83% efficiency
and the structures of the peptides were consistent with
the average D.P.'s calculated from the feed ratios.
The secondary conformation of the BLG units was
identified using IB (Figure 4-6) and NMR spectroscopy.
disordered structure, which has an amide I band at 1660
cm - 1 and amide II at 1535 cm-1, was predominant for
copolymers with 2.5 or 4 BLG units. The IR spectra of
copolymers with 9.3 or 13.6 of PBLG units grafted
exhibited amide I band at 1700 and 1630 cm-*, and amide
II band at 1530 cm-*, characteristic of the antiparallel
/3-structure.

IR spectra of copolymers with more than 15

amino acids in the BLG units showed strong bands at 1655
cm - 1 and 1550 cm- 1 , characteristic of the a-helical
conformation of BLG units.

4.5. Solution Properties of the Graft Copolymers
Since the IR spectroscopy studies of films revealed
the presence of helical grafts in the solid state, we
elected to study the structure of the copolymers in
solution by NMR.

Studies with oligopeptides in dilute

solution reveal resolvable amide(NH) and a-methine(a-CH)
resonances with differing chemical shifts for random and

A
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Figure 4-6. Partial infrared Spectra of AMPS-g-PBLG
(A, [51a], D.P.= 2.5; B, [51c], D.P.= 9.5; C, [51f],
D.P.= 44).
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a-helical

conformationszsa

.

Since the backbone polymer

would hold the grafts in close proximity, similar high
dilution measurements would not be possible.

On the

other hand some indication of the intermolecular bonding
should be evident. The spectra of [51c] in a 5 w/v% CDCls
solution was essentially featureless.
was required to sharpen the

Addition of TFA

a-CH and interestingly, the

benzylic GHz resonances (Figure 4-7).

Op to 3 v/v% TFA

could be added to the CDC13 solution without complete
disrupting the a-helical conformation, (a-CH = 3.94 ppm).
Transformation of the a-helical conformation to a random
coil structure could be effected by increasing the amount
of TFA in the CDCls solution2 60 .

At 10 v/v% TFA the

chemical shift of the a-methine reached 4.6 ppm and
further additions of TFA failed to produce any change,
indicating that the grafts were in the random coil
conformation.

The conformations, however, were not

changed when the concentrations of grafted copolymers in
3 v/v% TFA-CDCla were varied within the ranges of 0.3-11
w/v%.
Determination of the average D.P. for the peptide
grafts involves quantitation of the backbone and peptide
resonances.

These measurements were made in 10 v/v%

TFA/CDC13 because the most accurate comparisons were
obtained with the peptide in a random coil conformation.
A typical spectrum is shown in Figure 4-8.

The
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Figure 4-7. 100.13 MHz *H NMR spectra of AMPS-g-PBLG,
[51d] (D.P.= 13.6) in CDCls with various anount of trifluoroacetic acid (TFA); (A, 0% TFA; B, 3% TFA; C; 10%
TFA).
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[52a] in 10 v/v% TFA-CDCls at 298<>K.
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resonances associated with the poly(arylene ether
sulfone) backbone are reasonablely well resolved with the
exception of an overlap in the aromatic region with the
aromatic protons attached to the benzyl ester and the
amide protons of the peptide backbone.

The average D.P.

was calculated from the ratio of the benzylic CHa protons
to the geminal CHs protons in the backbone polymer.
The viscosities of the graft copolymers were
evaluated under various shear conditions to ascertain if
the grafts promoted aggregation at low shear.

As is

often the case with graft copolymers the viscosities
observed at high shear rates for the copolymers did not
vary much from those of the backbone (Table 4-7).

TABLE 4-7. VISCOSITIES OF GRAFT COPOLYMERS, [51], OF
y-BEN ZY L-L-G LD TA M A TE WITH POLY(3-AMINOMETHYLARYLENE ETHER

SULFONE), [5a]
NCA/AMPS
(mol/mol)
[51a]
[51b]
[51c]
[5 Id]
[51e]
[51f ]
[51g]

3
5
10
15
25
50
100

Grafting
Efficiency
83.3%
90.0
95.0
90.7
96.0
88.0
85.0

D.P.
2.5
4.0
9.5
13.6
24.0
44.0
85.0

Viscositya
(cP)
1.84
1.89
1.79
1.79
1.93
2.27
2.26

A 2.5 wt/v-% in pyridine at 25<>C, We 11s-Brookfield
Viscometer (spindle, CP-40; angle, 0.8°; volume, 0.5 mL;
shear rate, 450 sec-i).

Both the starting backbone polymer and the graft
copolymers exhibited some shear thining at high shear
rates.

The recovery of the low shear viscosity was

instantanouB when the shear was reduced on the backbone
polymer in a stirred system (Figure 4-9).

In contrast,

copolymer [51e] required 3 minutes to recover the initial
low shear viscosity.

Thus, there is some indication of

aggregation, but the effect is not pronounced.

4.6. Modification of PBLG Grafts
4.6.1.

Aminolysis of PBLG Grafts

Utilization of the graft copolymers as controlled
delivery systems depends upon facile modification of the
PBLG grafts.

Aminolysis of the benzyl ester on PBLG

homo- and copolymers with ammonia and various amines
leads to the formation of

y-amides26i.

in

fact, Scheraga

has used 3-aminopropanol and 4-aminobutanol extensively
to prepare water soluble polypeptides2 6 2 .

However, when

we attempted this transformation with graft copolymer,
[52a], the derivative precipitated rapidly from either
THF or DMSO-THF solutions indicating that crosslinking
via transesterification occurred.

As the reaction

proceded, the sample redissolved in DMSO-THF, but
precipitated when water was added for dialysis.
Anticipating that the hydroxyethylamide was not
sufficiently hydrophilic to pull the backbone polymer
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Figure 4-9. Viscosities of AMPS-*-PBLG, [51] in
pyridine with different shear rates (25.0°C).

into aqueous solution, we allowed [52aJ to react with
tris (hydroxymethy1)aminomethane in DHSO in the presence
of 1-hydroxybenzotriazole which can pronote the
aminolysis2 6 3 (Scheme 4-13); conversions to the
corresponding amide, [53], of greater than 90% produced
an adduct which would swell in water but homogeneous
aqueous solutions could not be obtained.

Water-soluble

material was obtained only after quantitative conversion
of ester function to the corresponding amide.

IE

spectroscopy was used to detect the extent of convers ion
by judging disappearance of ester peak at 1750 cm-*
(Figure 4-10).

NMR spectra (Figure 4-11) were also

useful for this purpose, but it was difficult to
determine the amount of peptide chain cleavage, which
could occur during the aminolysis with tris(hydroxymethy 1)aminomethane in DMSO at 60<>C (Table 4-8) .
The rate of aminolysis of [52a] was studied under
hetero- and homogeneous conditions using n-butylamine as
a model nucleophile (Scheme 4-14).

Although the term

aminolysis is applied primarily to cleavage of the
y-benzyl ester, a side reaction which can become
significant is cleavage of the peptide chain by
transamidation.

By working with copolymers with short

chain grafts, [52a], we were able to monitor both
processes by IR (Figure 4-12) and NMR (Figure 4-13)
spectroscopies.

Aminolysis of the benzyl ester lead to
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Scheme 4-13. Aminolysie of Peptide Graft, [52a], with
Tr is (hydroxymethy l)amino>iethane in DMSO.
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Figure 4-11. 100.13 MHz 1H NMR spectra of aninolyzed
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MB

Schene 4-14. Aninolysis of Peptide Graft, [52a], with
-Butylacine in 12 .5 v/v% DMSO-THF in the Presence of
-Hydroxybenzotriazole.
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Figure 4-13. 100.13 MHz 1H NMR spectra of partially
aminolyzed AMPS-g-PBLG , [54], with /?-butyl amine in
DMS0-d6: (A, 0.4BLG-2.OBuG; B, 1.9BLG-1.8BuG; C, 3.9BLG).

the disapperance of the benzylic CH 2 resonances at 5.04
ppm and the appearance of butyl CH3 at 0.79 ppm.

The

ratio of peptide to backbone polymer could be monitored
by comparing resonances at 1.64 ppm with the geminal CH 3
of the backbone.

TABLE 4-8. HOMOGENEOUS AMINOLYSIS OF P0LY(3-AMIN0METHYLARYLENE ETHER SULFONE)-g- (y-BENZYL-L-GLUTAMATE)],
[52a], (D.F.= 0.5, D.P.= 3.9 of AMINOACIDS), WITH TRIS(HYDROXYMETHYL)AMINOMETHANE IN THE PRESENCE OF
1-HYDROXYBENZOTRIAZOLEA
[52a]
g(nieq)

Amine
g(mmol)

2.00(4.4) 10.66(88)

ReactionB
Remaining
Conversion^
Time(h) Benzyl GroupC
(%)
0
36
60
84
120
180

3.9
1.7
1.1
0.6
0.4
0.0

0.0
56
72
85
90
100

1.2 eq. 1-hydroxybenzotriazole/eq. peptide unit
Reaction Condition: in 40 mL of DMSO; 60<>C
c Average number of y-benzy1-L-glutamate residues per
graft based upon 1H NMR
D Under the assumption of no peptide cleavage.

a
b

When the aminolysis of [52aJ mas conducted in THF,
the product precipitated when approximately 40% of the
benzyl ester had reacted.

Conversion of the benzyl ester

to amide reached 50% within 24 h. and did not change
significantly thereafter.

However, the extent of peptide

chain cleavage continued to increase from a value 7.7% to
17.9% over a total reaction time of 144 h.

When the

product precipitated, the access to the benzyl ester was
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impeded and subsequent activity Has focused on the
peptide bonds.

Addition of 12.5 v/v% DMSO to the THF

produced a solvent mixture which dissolved by reactants
and products in all conversion ranges.

Thus, it was

possible to study the aminolysis of [52a] under
homogeneous conditions in this solvent mixture.
The influence of reactant ratios and reaction times
was studied in the 12.5 v/v% DMSO-THF solvent mixture
(Table 4-9).

TABLE 4-9. HOMOGENEOUS AMINOLYSIS OF FOLY(3-AMINOMETBYLARYLENE ETHER SULFONE)-g- (y-BENZYL-L-GLUTAMATE)],
[52a], (D.F.= 0.5, D.P.= 3.9 of AMINOACIDS), WITH
n-BUTYLAMINE
Butylamine* Reaction Average Branch Composition
Buty1D
Time(h) Benzyl0
Total
g(meq)

Cleavage

(%)

0.0
0.293( 4.0)
0.586( 8.0)
1.170(16.0)
1.755(24.0)
2.925(40.0)

0
24

3.9
3.2
1.9
1.7
1.5
0.4

0.0
0.6
1.8
2.2
2.0
3.2

3.9
3.8
3.7
3.9
3.5
3.6

0.0
1.6
5.1
0.0
10.3
7.7

0.586( 8.0)

5
12
48
72
96
120
144
204

3.6
2.2
1.5
1.1
1.0
0.9
0.9
0.4

0.3
1.5
1.9
2.1
2.1
2.2
2.1
2.0

3.9
3.7
3.4
3.2
3.1
3.1
3.0
2.4

0.0
5.1
12.8
17.9
20.5
20.5
23.1
38.5

Reaction Condition: 0.20 g (0.44 meq) of [52a] in 8 mL
of DMSO/THF (12.5 v/v%); 55<>C
b % Aminoacids lost
c Average number of y-benzyl-L-glutamate residues per
graft based upon *H NMR
d Average number of N 5-butyl-L-glutamine residues per
graft based upon *NMR.
a

b

Note that the extent of peptide cleavage can be minimized
by using very large excesses, i.e.> 50:1, of the amine.
In fact if an one hundred-fold excess is used, an 82%
conversion of the benzyl ester to amide can be achieved
in 24 h at 55°C (Figure 4-14).

However, if a twenty-fold

excess of amine is used and the reaction is allowed to
run for several days, significant loss of peptide units
are observed (Figure 4-15).

Only 56% of the benzyl ester

initially present is converted to amide.

TABLE 4-10. HOMOGENEOUS AMINOLYSIS OF P0LY(3-AMIN0METHYLARYLENE ETHER SULFONE)-g- (F-BENZYL-L-GLUTAMATE)],
[52a], (D.F.= 0.5, D.P.= 3.9 of AMINOACIDS), WITH
n-BUTYLAMINE IN THE PRESENCE OF 1-HYDROXYBENZOTRIAZOLE*
Butylamine® Reaction Average Branch Composition Cleavage^
g(meq)
Time(h) Benzyl®
Butyl*
Total
(%)
0.0
0.64(8.8)

0
6
11
24
48
72
96

3.9
1.4
1.1
0.9
0.8
0.7
0.5

0.0
2.5
2.8
2.9
3.0
3.1
3.3

3.9
3.9
3.9
3.8
3.8
3.8
3.8

0.0
0.0
0.0
2.6
2.6
2.6
2.6

1.2 eq. 1-hydroxybenzotriazole / eq. peptide unit
B Reaction Condition: 0.20 g (0.44 meq) of [52a] in 8 mL
of DMSO/THF (12.5 v/v%); 55<>C
c % Aminoacids lost
® Average number of y-benzyl-L-glutamate residues per
graft based upon *H NMR
* Average number of N 5-butyl-L-glutamine residues per
graft based upon 1NMR.
a
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Figure 4-14. Influence of the reactant ratios on the
aninolysis of AMPS-gHPBLG, [52a] with n-butylanine in
12.5 v/v% DMSO-THF at 55®C.

4

3
o
e

S

n

2
a.
0

•

1

■

A

Benzyl Content
Butyl Content
Total Branch

1

Butyl Amine: PBLG*20:1
0
0

100

200

300

Reaction Time, H.

Figure 4-15. influence of reaction time on the
aminolysis of AMPS-^-PBLG, [52a] with JJ-butylamine in
12.5 v/v% DMSO-THF at 55©C.

When 1.2 eq of 1-hydroxybenzotriazole as a promotor
for aminolysis was added to a solution of [52a] with a
twenty-fold excess of butyl amine, 64%, 72%, and 75 %
conversion (Table 4-10) of the benzyl ester to amide was
obtained in 6, 11 and 24 h, respectively (Figure 4-16).
Cleavage of the peptide bonds was minimized under these
conditions. The average D.P. of the peptide branches in
[52a] is four, but only three of the aminoacid residues
are reacting rapidly.

It appears that the aminoacid

bound directly to the backbone polymer is subject to more
steric hindrance and may be more difficult to transform.

4.6.2.

Hydrolysis of PBLG Grafts

Hydrolysis of [52a] was also carried out using a
1.25N aqueous NaOH solution in THF-water (2:1 v/v).

Less

than 5 h of hydrolysis at room temperature was enough for
complete conversion of the ester function to free acid on
the PBLG graft (Scheme 4-15).

The hydrolyzed polymer,

[55], was not soluble in water below pH=8, THF, CHC13,
but quite soluble in basic water (pH > 8), DMSO, and
pyridine.

The IR spectrum for [55] (Figure 4-17) did not

provide clear information for the conversion of ester to
acid, because both functionalities give nearly identical
absorption bands (1700 - 1750 cm-*).

1H NMR spectrum

(Figure 4-18) was useful for monitoring the conversion,
but did not provide any information on the extent of
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Figure 4-16. Effect of 1-hydroxybenzotriazole on the
aninolysia of AMPS-g-PBLG, [52a] in 12.5 v/vX DMSO-THF at
55°C.
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Schene 4-15. Hydrolysis of Peptide Graft, [52a], with
NaOH.
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8.0

yi | i yiiufHi iii

T

T

7.0

6.0

5.0

4.0
PPM

3.0

T

2.0

1.0

0.0

Figure 4-18. 100.13 MBs *H HMR spectra of AMPS-#-PBLG before (A,
[52a]) and after (B, [55]) hydrolysis with NaOH solution,(DMSO-d6,
298°K).

peptide cleavage during the hydrolysis.

CHAPTER 5

EXPERIMENTAL
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5.1 General Information
Melting points measured in open capillary tubes
using a Thomas-Hoover melting point apparatus, are
uncorrected.
Elemental analyses were performed by Galbraith
Laboratories, Knoxville, Tennesee, U.S.A.
Nuclear Magnetic Resonance Spectra (NMR) were
generally obtained with an IBM AF-100 Fourier Transform
NMR Spectrometer, if necessary the higher field Bruker
WP-200 or AM-400 Fourier Transform NMR Spectrometers were
also employed.

Chemical shifts are given in parts per

million(ppm) on a 5scale downfield from tetramethylsilane
(TMS).

The usual notations are used to describe the

spectra: s=singlet, d=doublet, m=multiplet, and b=broad).
13C chemical shifts are also reported using the ppm
scale, the appearance of solvent peaks being used as an
internal reference.
Infrared spectra were recorded with a Perkin-Elmer
283 spectrophotometer or an IBM FT-IR/ 32 Model Fourier
Transform infrared spectrophotometer.

Insoluble polymer

samples were prepared as KBr pellets; soluble polymers
were cast as film from suitable solvents.
Intrinsic viscosities were measured by standard
procedures using an Ubbelohde dilution viscometer,
No.50M45, in a constant temperature bath, Cannon Model
M-l.

Purified and filtered solvents were used.
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Intrinsic viscosities mere derived fron the following
equation and a plot of ’lap / C vs C was extrapolated to
zero concentration.

[*71 = lim (Vap / C), where Vap = t-to / to

c-*o

t = efflux tine of
polymer solution
to= efflux time of

pure solvent
C = concetration (g/dL)

All solvents and reagents used for general synthesis
described herein were of reagent grade.

For special

purposes, purification of solvents was effected using
standard procedures in “Purification of Laboratory
Chemicals", by Perrin et al.*«* .

All other reagents

were used as supplied commercially except as noted.
Bleached wood cellulose, [15], after drying at 120<>C for
3 h was used as the cellulose source.

For special

purposes, low molecular weight regenerated cellulose,
[15a], and high molecular weight cotton linter which had
been dried as above, [15b], were also used.

Poly(arylene

ether sulfone), [25], was purchased from Aldrich Chemical
Co.

Brominated and chloromethylated poly(arylene ether

sulfone) model compounds, [34] and [35], were prepared by
the method of Daly et al.1®*.

Poly[oxy-l,4-phenylene-

(1-methylethylidene)-1,4-phenylene-oxy-(2-cyano)-1,3-phen
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ylene], [45], was prepared from bisphenol-A and
2,6-dichlorobenzonitrile according to the precedure of
McGrath et aJ. 1 6 8 .

Acetyl content and D.S. of cellulose

acetate was determined by titration of saponified
cellulose acetate (60°C, 30 min.), which was carried out
by the procedure of Mench et al.266, and by using the
following equation266.

Acetyl Content (X) = [(A-B)Nb - (C-D)Na] x 4.3/W
where:
A =
B =
Nb=
C =
D =
Na=
N =
4.3 =

b L of NaOH solution added to the sample
mL of NaOH solution added to the blank
normality of the NaOH solution
mL of HC1 solution added to the sample
mL of HC1 solution added to the blank
normality of the HC1 solution
weight of the sample, g
factor to calculate X acetyl content, equivalent
weight 43.

3.86 x acetyl content(X)
D.S.(acetyl) = -------------------------102.4 - acetyl content(X)

5.2. Experimental for Chapter 1
Preparation of CyanoethyIcellulose, r71
10.0

g of cellulose, [15], was suspended in 240 mL

of acrylonitrile and 10 mL of 12X sodium hydroxide were
added after 120 min of premixing at room temperature.
The slurry was treated at room temperature for 65 min,
during which time the mixture became doughy.

The
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reaction mixture was washed with methanol until a
free-flowing slurry formed.

The product was isolated by

pouring the slurry into 500 mL of distilled water.

The

product was filtered, washed with copious amounts of
distilled water (2 L) and methanol (300 mL), and dried
under vacuum for 24 h at 40<>C.
1415, 1373 cm-i (-CH2 ).

IR (RBr): 2253 (-CN);

Elemental Analysis: Calc'd for

C9.45Hl2.4sNi.isOs (D.S.= 1.15): C, 51.09; H, 5.61; N,
7.25; 0, 36.04. Found: C, 50.84, H, 6.15; N, 7.24; 0,
35.77.

The detailed results for preparation of [7] with

various D.S.'s are shown in Table 1-1 and Table 1-2.

Preparation of 0-(3-Aminopropyl)cellulose, [11
Into a suspension of 2.0 g of [7] (D.S.= 1.15) in 30
mL of dried THF were added dropwise 2 eq. of 2M borane
dimethyl sulfide in THF or 1M borane-THF complex in THF
at room temperature.

After 24 h of refluxing under

nitrogen, 30 mL of methanol were added slowly into the
reaction mixture at 0<>C to decompose the excess borane
complexes.

HC1 gas was passed through the reaction to

keep the pH < 2 and the slurry was refluxed for 1 h more.
The mixture was poured into 150 mL of methanol and then
filtered.

The residue was dispersed into 150 mL of

distilled water and the pH was adjusted to 11 with 6N
NaOH solution.

The 1.98 g of final product, [1], (3.47

meq/g of amine content) was isolated by filtration,
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washed with large amount of water, and dried under vacuum
to a constant weight.

IR (KBr): 3451, 3353 cm-* (-NH2 ).

Elemental Analysis: Calc'd for C 9 .4 5 H 1 7 .0 5 H 1 .15 O 5 (D.S.=
1.15): C, 52.13; H, 3.70; N, 7.40; 0, 36.77.
53.81; H, 3.12; N, 7.21; 0, 35.86.

Found: C,

Titration to estimate

the amino content was conducted on 100 mg of [1] that had
been soaked in 10.0 mL of 0.IN HC1 for 24 h.
HC1 was back-titrated with 0.05H NaOH.

The excess

The results under

various conditions for preparation of [1] are shown in
Table 1-3.

Ninhydrin tests were carried out on a

suspension of the product in distilled water.

After

addition of a few drops of IX aqueous ninhydrin and
heating to a boil, the product became dark blue to violet
instantaneously.

Hydrolysis of Cellulose Triacetate, r81
Into a solution of 20.0 g of [8] in 250 mL of acetic
acid were added dropwise a mixture of 2.5 mL of
concentrated HC1 and 27 mL of distilled water with
vigorous mixing.

After stirring at 25°C for 48 h, the

product was precipitated in 1 L of

methanol, washed with

water and methanol, and dried under vacuum at 40<>C for 24
h.

12.9 g of partially hydrolyzed white product, [9a],

which was soluble in acetone, THF, CHC13, pyridine, DMF,
and DMSO, was obtained.
13C NMR (acetone-d6, 298<>K): 20.4 (acetate CH3); 60.1
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(glucose C-6); 62.2 (acetylated C-6); 71.6 (C-2, C-3,
C-5); 74.8, (acetylated C-4); 79.6 (glucose C-4); 99.4
(acetylated C-l); 102.5 (glucose C-l); 169.3, 169.6,
170.2 (acetate C=0).
1750 cm-1 (ester).

IR (film with THF): 3450 (-0H);

Acetyl content: 39.8% (D.S.= 2.45).

Further Hydrolysis of Cellulose Acetate, [9a]
To the slurry of 20.0 g of acetone-soluble cellulose
acetate , [9a], in 120 mL of acetic acid and 40 mL of
distilled water were added 5 mL of concentrated HC1 at
20<>C over a period of 30 min.

After stirring the mixture

at 30°C for 24 h, 100 mL of water were added to dilute
the slurry.

16.1 g of the white product, [9b], were

obtained by precipitating in 1.5 L of methanol,
filtering, washing with methanol and water, and drying in
vacuum at 40<»C for 24 h.

[9b] was not soluble in water,

acetone, THF, and chloroform, but soluble in pyridine,
DMSO, and DMF.

NMR (acetone-d6): 20.4 (acetate CH3);

60.1 (glucose C-6); 62.2 (acetylated C-6); 71.6 (C-2,
C-3, C-5); 74.8 (acetylated C-4); 79.6 (glucose C-4);
99.4 (acetylated C-l); 102.5 (glucose C-l); 169.3, 169.6,
170.2 (acetyl C=0).
1750 (ester).

IR (film from pyridine): 3450 (-0H);

Acetyl content: 38.4% (D.S.= 2.30).

Reaction of Cellulose Acetate, T91. with p-Toluenesulfonyl chloride
Into a solution of 25.0 g of [9a] in 400 mL of
anhydrous pyridine were added 40.0 g of p - toluene
sulfonyl chloride at room temperature.

The mixture was

stirred for 24 h at room temperature, and then diluted
with with 400 mL of acetone.

The product was

precipitated into 5.0 L of methanol, filtered, washed
with methanol, and dried in a vacuum oven at 50<>C for 48
h, to give 27.3 g (82.7% recovery yield) of a light-brown
6-tosylcellulose acetate, [10a].

Spectral data for [10a]

indicates complete tosylation at the C-6 positions of the
glucose unit. *3C NMR (aceton-ds): 20.7, 20.8, 21.7
(acetate CH3); 63.3 (acetylated C-6); 68.6 (tosylated
C-6); 73.4, 76.0 (C-2, C-3, C-5); 77.1 (C-4); 101.2
(acetylated C-l); 103.8 (glucose C-l); 128.9, 131.4,
134.0, 147.0 (aromatic C's); 170.0, 170.1, 170.9 (acetate
C=0).

IR (film with THF): 3050 (aromatic C-H); 1180 cm-i

(-S03).
For the tosylation of cellulose acetate, [9b],
application of the same conditions gave 29.1 g ( 82 %
recovery yield) of 6-tosylcellulose acetate, [10b].

Preparation of 6-Azido-6-deoxycelluIose Acetate,

Ilia]
Into a solution of 20.0 g of [10a] (D.S. of
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tosylation = 0.45) in 400
sodiuB azide.

bL

of DMF were added 30.0 g of

The mixture was stirred for 48 h at 100°C,

and then precipitated into 4 L of distilled water.

The

precipitate formed was filtered off, washed with a total
of 4 L of water, and dried in a vacuum oven at 45°C for
24 h.

After reprecipitation of a solution of the crude

product in 500 mL of acetone into 4 L of water,
fitration, and drying in a vacuum oven for 48 h at 45©C,
15.4 g (92.6% recovery yield) of
obtained.

light-brown [11a] were

*3C NMR (acetone-d6, 298<>K): 20.6 (acetate

CH3); 51.2 (azidodeoxy C-6); 63.2 (acetylated C-6); 72.8,
73.4 (C-2, C-3 C-5); 77.2 (C-4); 101.2 (acetylated C-l);
103.9 (glucose C-l); 188.9, 130.9,134.0,146.0 (aromatic
C's); 169.7,170.1,170.9 (acetate C=0).

IR (film from

THF): 2130 cm~» (-N3).
Onder the same conditions 20.0 g of [10b] converted
to 14.5 g ( 89.5% recovery yield) of light-brown [lib].

Partial reduction of 6-azido-6-deoxycellulose
acetate, rllal
To 5.00 g (8.1 meq of Ns) of [11a] in 150 mL of THF
and 50 mL of methanol were added 4.1 mL (56.8 mmol) of
triethylamine and 7.5 mL (56.8 mmol) of propanedithiol.
The mixture was stirred for 48 h at 60°C under nitrogen,
and then precipitated in 500 mL of ethyl ether.

The

precipitate was filterd, washed with 2 L of hexane, air

dried for 3 h at room temperature and then dried for 48 h
at room temperature under vacuum oven.

4.12 g (85.4%

recovery yield) of partially reduced 6-azido-6-deoxycellulose acetate, [2], (0.47 meq/g of amino content) was
obtained.

A positive ninhydrin test was observed.

This

product is not soluble in acetone, THF, and chloroform,
but soluble in hot organic solvents, such as pyridine,
DMF, DMSO, and THF-ethyl alcohol (5:1 v/v).

13C NMR

(pyridine-ds, 353°K): 20.6 (acetate CHs); ca 41
(aminodeoxy C-6); 51.2 (azidodeoxy C-6); 63.2 (acetylated
C-6); 73.1, 73.7 (C-2, C-3, C-5) ; 77.1 (C-4); 101.2
(acetylated C-l); 104.4 (glucose C-l); 169.6, 169.9,
170.5 (acetate C=0).

IR (film from hot pyridine): 1750

(ester); 2130 (-N3); ca 3450 cm-i (-NH2 ).

Preparation of 6-0-tritylcellulose, [16a]
[16a] was prepared by the method of Osov et a l . "
from 10 g of [15a] and 40 g of triphenylchloromethane in
170 mL of dry pyridine.

The slurry was stirred for 16 h

at 100°C, and then poured into 4 L of methanol.

After

filtering, washing with methanol with vigorous stirring,
and drying for 24 h at 50<>C, 17.3 g of light-brown [16a],
which was not soluble in most organic solvents, were
obtained.

IR (KBr): 3060 (aromatic C-H); 1600, 1500,

1450 cm-1 (aromatic ring).
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Preparation of 2.3-0-dlphenylcarbamoy1-6-0-trlty1cellulose, r17a]
Into a slurry of 10.0 g of [16a] in 250 mL of
pyridine was added 0.08 g of ferric acetylacetonate.
After 30 min of mixing at room temperature, 20.0 g of
phenylisocyanate were added.

The slurry was stirred for

36 h at 60°C, and then the viscous solution was diluted
with 100 ml of pyridine and precipitated into 5 L of
methanol.

The precipitate was filtered, washed with 4 L

of ethanol, and dried in a vacuum oven for 24 h at 40°C.
After reprecipitation of this crude product from 1 L of
pyridine with 5 L of ethanol, filtering, washing with
ethanol, and drying under vacuum oven for 24 h at 40®C,
17.8 g of light-brown fibrous [17a], which was soluble in
THF, CHCls, pyridine, and DMSO, were obtained.

NMR

(DMSO-de, 373°K): 62.1 (tritylated and phenylcarbamoylated C-6); 72.4, 73.4 (C-2, C-3, C-5); 75.8 (C-4); 85.8
(Ph3C-0); 99.6 (phenylcarbamoylated C-l); 118.6, 119.0,
121.3, 121.9, 122.2, 126.3, 127.2, 127.7, 127.9, 138.0,
143.0

(aromatic C's); 151.6, 151.9, 153.0 (urethane C=0).

IR (film with DMSO): 3380 (urethane NH); 1750 (urethane
C=0); 1600, 1500, 1450 (aromatic ring); 1550 cm-i
(urethane NH).

Synthesis of 2.3-0-dlphenylcarbamoylcellulose, r18a]
12.5 g of [17a] were stirred in a mixture of 5 mL of
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concentrated HC1 and 150 mL of dioxane for 24 h at room
temperature, then poured Into 4L of methanol, the residue
was reprecipitated with 2 L of methanol from 100 mL of
pyridine and washed with excess methanol.

10.1 g of

[18a] were obtained after drying in a vacuum oven at 40«>C
for 24 h.

ISC NMR shows complete removal of the trityl

function on C-6.

13C NMR (DMSO-de, 373°K): 58.9 (Glucose

C-6); 62.3 (phenyIcarbamoylated C-6); 72.3, 73.5, 74.7
(C-2, C-3, C-5); 75.9 (C-4); 99.6 (phenyIcarbamoylated
C-l); 118.3, 118.7, 119.1, 119.3, 121.9, 122.2, 127.8,
127.9, 136.8, 137.3, 138.0, 138.5, 150.2 (aromatic C's);
150.2, 151.7, 152.0, 152.3, 153.1 (urethane C=0).

IR

(film with DMSO): 3400 cm-i (-0H, urethane NH).

Preparation of 2.3-0-diphenyIcarbamoy1-6-tosyl
cellulose, r19a1
Into a solution of 6.50 g of [18a] in 40 mL of
pyridine was added a solution of 40.0 g of p-toluenesulfonyl chloride in 150 mL of pyridine.

After 20 h of

stirring at room temperature, the solution was decanted
into 3 L of methanol and the residue was precipitated
twice with 1 L of methanol from a pyridine solution.
7.92 g of slightly yellow [19a] were obtained after
drying in vacuo for 24 h at 40°C.

i®C NMR (DMSO-de,

373<>K): 20.1, 20.4 (CH3); 62.4 (pheny Icarbamoy la ted C-6);
67.4 (tosylated C-6); 72.4, 73.0 (C-2, C-3, C-5); 75.9
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(C-4); 98.9 (glucose C-l); 99.7 (phenyIcarbamoylated
C-l); 118.7, 119.1, 121.3, 122.2, 123.3, 125.1, 126.0,
126.8, 127.4, 127.9, 129.0, 129.5, 136.8, 137.3, 138.0,
144.5

(aromatic C's); 151.7, 153.1 (urethane C=0).

IR

(film with DMSO, 373<>K): 1180 cm-i (-S03).

Preparation of 2.3-0-diphenyIcarbamoyI-6-azido-6deoxyceIlulose, r14a1
To a solution of 6.7 g of [19a] in 50 mL of DMF was
added a solution of 6.7 g of NaN3 in 150 mL of DMF,
stirred for 20 h at 80°C under N 2 , then precipitated in 3
L of iced water.

The residue was washed with excess

water, then freeze-dried.

4.78 g of [14a] were obtained

as a slightly yellow, fibrous solid.

13C NMR (DMSO-de,

373<>K): 49.5 (azidodeoxy C-6) ; 62.3 (phenylcarbamoylated
C-6); 72.3, 73.4 (C-2, C-3, C-5); 75.9 (C-4); 99.6
(phenyIcarbamoylated C-l); 118.1, 118.6, 118.7, 119.1,
127.7, 127.9, 128.0, 138.0, 138.2 (aromatic C's).

IR

(film with DMSO): 2150 cm-i (-N3).

Attempt for preparation of 2,3-0-diphenylcarbamoyl6-amino-6-deoxycellulose, r31
To 4.00 g of [14a] in 80 mL of THF and 20 mL of
methanol were added 4.1 mL (56.8 mmol) of triethylamine
and 7.5 mL (56.8 mmol) of propanedithiol at 60»C.

The

mixture was stirred for 72 h at 60<>C under nitrogen, and

then, after reducing the volume to a third, 400 mL of
methanol were added and the crude product was filtered.
After washing the product with excess methanol and drying
in a vacuum oven for 48 h at room temperature, 3.01 g of
2,3-0-diphenylcarbamoyl-6-amino-6-deoxycellulose, [3]
(0.35 meq/g of amino content) were obtained.

A positive

ninhydrin test was observed within 1 min in boiling
water-DMSO.

This product was not soluble in any solvent,

but did swell in hot pyridine, DMSO, and DMF.

Its

infrared spectrum showed a complete dissappearance of
azido peak at 2100 cm-i.

IR (KBr): 3310-3400 (urethane

NH and NH 2 ); 1740 (urethane C=0); 1600, 1450 (aromatic
ring); 1540 (urethane NH).

5.3. Experimental for Chapter 2
Preparation of APC-ICKMA Adduct, r211
0.25 g of [1] (4.44 meq/g amine content) were
swollen in pyridine for 2 h before 2 . 5 mL of ICEMA, [ 2 0 ] ,
were added to the reaction mixture through a syringe.
After heating to 50-80°C for 6 - 7 2 h the product was
precipitated in methanol, filtered, washed with
dichloromethane, and dried under vacuum for 48 h at room
temperature.

The detailed experimental conditions and

results are summarized in Table 2-2.

Characteristic

spectral data include: IR (KBr): 3347 (-0H, ureado NH);
1720 (ester); 1659 (ureado C=0, C=C); 1563 cm-* (ureado
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NH).

Graft Copolymerization of T211 with Methyl Acrylate
A suspension of 0.5 g (1.84 meq) of [21] in 25 mL of
pyridine or water-pyridine (3:2 v/v) and 4.78 g (55.5
mmol) of methyl acrylate was stirred at 60-100<»C for 12 h
under nitrogen with 0.5 mole-% / total monomer of
different types of initiators (KPS / 18-crown-6, BPO, or
AIBN).

The reaction mixture was poured into methanol,

filtered, washed with acetone and methanol, and dried
under vacuum at 30<>C for 24 h.

The detailed results

under various conditions are tabulated in Table 2-3.
The results of graft copolymerizations with various
feed ratios at 65°C for 10 h in the presence of 0.5
mole-% / total monomer of KPS and 1.0 mole-% of 18-crown
-6 are also tabulated in Table 2-4.

Typical FT-IR

spectrum (Figure 2-2) of a grafted copolymer shows; 1455
(-CH2 ), 1734 (ester), 2955 cm-i (-CHa).

Graft Copolymerization of r211 with Styrene
A suspension of the desired amount of [21] in THF or
water-THF (1:9 or 1:2 v/v) and various mole ratios of
styrene was stirred at 55-65°C for 12-20 h under nitrogen
with 0.3 mole-% / or 1.0 mole-% / total monomer of
different kinds of initiators (KPS / 18-crown-6, BPO, or
AIBN).

The reaction mixture was poured into methanol (30

mL of methanol / 1 mL of product solution), filtered,
washed with toluene to remove homopolystyrene and
methanol, and dried under vacuum at 30°C for 24 h.

The

detailed results under various conditions are tabulated
in Table 2-6.

Graft Copolymerization of T211 with Methyl
Methacrylate
These copolymerizations were carried out using the
nearly same procedure described above with a suspension
of 0.5 g (0.98 meq of double bond) of [21] and 6.38 g
(63.8 mmol) of methyl methacrylate in 25 mL of DMF,
DMF-water, pyridine-water, or DMSO-water at 55°C for 24 h
under nitrogen with 1.5 mole-% / total monomer of various
initiators.

After collecting the solid material by

filtration, the homopoly (methyl methacrylate) was
extracted with 100 mL of THF.

The results under various

conditions are shown in Table 2-6.

Reaction of m

with g-Epoxldes

A typical example of this reaction is the following;
1 g (4.2 meq of amine) of [1] dried under vacuum at 40<>C
for 24 h and 12 mL (243.3 mmol) of ethylene oxide
condensed at -30°C in 30 mL of water were stirred at room
temperature in a pressure bomb for 72 h.

The excess

ethylene oxide was allowed to evaporate and the product
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was obtained by pouring the reaction into 100 mL of
methanol, filtring, washing with methanol, and drying
under vacuum at 30<>C for 24 h.

IR (KBr): ca 3300 (-0H);

2850, 1385 (-CH2 ); 1560 c m - M - N H ) .

The results under

various conditions are shown in Table 2-7.
For the reaction with propylene oxide nearly the
same conditions described above were applied.

45 wt-% of

grafting onto [1] was obtained from the reaction of 1.00
g (4.2 meq of amine) of [1] and 14.13 g (243.3 mmol) of
propylene oxide in 10 mL of HzO at room temperature for 7
days.

5.4. Experimental for Chapter 3
Preparation of 2.2-bisF4-(4-phenyIsulfonylnhenoxyl)ElLenyi] jeropane, £29]
Treatment of the disodium salt of bisphenol-A (20 g.
0.088mol) with chlorophenyl phenyl sulfone (44.3 g, 0.175
mol) in a 2:1 v:v toluene:DMSO (100 mL) according the
procedure of McGath et aJ.i#» afforded 51.2 g of crude
adduct.

Recrystallization from benzene yielded the pure

[29], m.p. 182-83oC; mol wt.(mass spec) 660.1. »H NMR
(CDC13): 1.7 (s, 6H, 2-CHs); 6.7-7.0 (m, 16 H, aromatic

H's); 7.8-7.95 (m, 8H, aromatic H's ortho to SO 2 ).
NMR (CDC13) : 30.5 (-CH3); 42.2 (CH 3 -C-CH 3 ) ; 117.5, 119.9,
127.1, 128.7, 129.0. 129.7, 133.0, 135.2, 141.6, 147.5,
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150.8, 161.4 (aromatic C's).

Elemental Analysis: Calc'd

for C 3 9 H 3 2 O 6 S 2 : C, 70.91; H, 4.84; O, 14.53; S, 9.72.
Found: C, 70.83; H, 4.99, O, 14.54; S, 9.66.

Nitration of 2,2-bisr4-(4-phenylsulfonylphenoxyl)phenyl]propane, £291
The process reported by

Crivelloics

was utilized as

follows: a solution of 3.30 g (5.2 mmol) of [29] in 50 mL
of chloroform was blended with 0.84 g (10.4 mmol) of
ammonium nitrate and 5.88 mL (41.6 mmol) of trifluoroacetic anhydride (TFFA) in a 100 mL round-bottom flask.
The mixture was stirred at room temperature for 11 h.
After evaporating the excess TFFA by purging with argon
for 30 min, the solution volume was reduced to 5 mL. The
product was precipitated by pouring the reaction mixture
into 100 mL of methanol, recovered by filtration, washed
with 50 mL of water and dried in vacuo at 35°C for 48 h.
2.85 g (75.3%) of 2,2-bis[3-nitro-4-(4-phenylsulfonylphenoxyl )phenyl ]propane , [30], mp 219-220®C were
obtained. 1H NMR (CDCI3 ): 1.74 (s, 6H, 2-CH3); 7.19,
7.31, 7.60, 7.68, 8.04 (m, 24 H, aromatic H ' s ) ; 13C NMR
(CDC13): 30.5 (-CHa); 42.7 (CH3-C-CH3) ;

117.9, 120.1,

122.9, 123.7, 127.4, 128.3, 129.2, 130.0, 133.1, 136.6,
141.6, 146.4, 146.8, 160.4 (aromatic C's); IR (film from
CHCls); 1535, 1340 cm-i (-NO2 ).
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Reduction of 2,2-bisr3-nitro-4-(4-phenylsulfonylphenoxy1)pheny11 propane, r301
200 mg (0.55 meq) of compound [30] were dissolved in
a mixture of 30 mL of DCM and 30 mL of methanol and 240
mg of 10% palladium on charcoal were added.

After

purging the solution with argon for 30 min, 520 mg (13.6
mmol) of NaBH4 were added in portions over 10 min.

The

reaction mixture was stirred under argon for 1 hr before
addition of 30 mL of DCM.

The mixture was filtered, the

filtrate evaporated, and the residue extracted with DCM.
Evaporation of the extract yielded 140 mg (76.2%) of
2,2-bis[3-amino-4-(4-phenyIsuIfonylphenoxyl)pheny13propane, [31], mp 85-9°C. 1H NMR (CDC13): 1.76 (s, 6H,
2-CHs); 3.62 (s, 2H, NH 2 ); 7.02, 7.11, 7.31, 7.46, 7.52,
7.88, 7.95, 7.98 (m, 24 H, aromatic H's).
(CDCla): 30.8 (-CHs); 42.4 (CHs-C-CHs);

i*C NMR

115.6, 116.6,

117.3,

120.6, 127.3, 129.1, 129.9, 132.9, 134.8, 138.2,

139.1,

142.1, 148.8, 161.8 (aromatic C's).

IR (film with

CHC13); 3460, 3380, 1625 cm-i (-NH2 ).

Phtha 1imidomethylation of 2.2-bisT 3-cMoromethyl-4(4-phenylsulfonylphenoxyl)pheny11propane, [35]
To a solution of 1.0 g (2.64 meq) of [35] which was
produced by the method of Daly et al.16 5,166 in 20 mL of
DMF was added 1.20 g (6.49 mmol) of potassium
phthalimide.

After stirring for 8 h at 100«>C, the
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and the filtrate evaporated under reduce pressure.

The

residue was washed sequentially with 30 mL of distilled
water and 15 mL of methanol.

After drying in vacuo at

40<>C for 24 h, 1.16 g (90.1%) of the product, 2,2-bis[3-phtha1imidomethyl-4-(4-phenyIsulfonylphenoxy1)pheny1]propane, [32), was obtained.

Spectral data were

consistant with quantitative substitution: 1H NMR
(CDCls): 1.69 (s, 6H, 2-CHs); 4.76 (s, 4H, -CH 2 N);
6.8-7.5 (m, 16 H, aromatic H's); 7.61, 7.64 (d, 8H,
aromatic H's in phthalimide);
H's ortho to SO 2 ).

7.8-7.84 (m, 8H, aromatic

13C NMR (CDC13): 30.5 (-CHs); 37.2

(-CH2 NPhth); 42.2 (CH3 -C-CH3 ); 116.9, 117.4, 119.5,
120.3, 122.9, 127.7, 128.2, 129.0.

129.6, 129.7, 131.4,

132.7, 133.8, 134.1, 141.5, 147.3,

150.3, 161.4, 167.3

(aromatic C's); IR (film from CHC13); 1772, 1716 cm-i
(phthalimide C=0).

Hydrazinolysis of 2.2-bisr3-phthalimidomethyl-4(4-pheny1-sulfonylphenoxyl)pheny11propane, f321
A solution of 1.00 g (2.0 meq) of [32] and 3 mL
(34.5 mmol) of hydrazine hydrate in 25 mL of methanol was
heated at reflux for 24 h.

After evaporation of the

solvent, the residue was extracted with 30 mL of CHCI 3 ,
the extract was evaporated, and the crude product was
washed sequentially with 25 mL of 2% aqueous sodium
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Drying in vacuo at 40°C for 24 h afforded 0.70 g (97.5%)
of 2,2-bis[3-aminomethy1-4-(4-pheny1-sulfonylphenoxyl)phenyl]propane, [33]. 1H NMR (CDCls): 1.69 (s, 6H,
2-CH3); 2.07 (b, -NH 2 ); 3.73 (s, 4H, -CH2NH2); 6.79-7.54
(m, 16 H, aromatic H's); 7.84, 7.95 (d, 8H, aromatic H's
ortho to S02).

13C NMR (CDC13): 30.9 (-CH3 ); 41.7

(-CH2 NH 2 ); 42.6 (CH3-C-CH3);

117.1, 120.1, 127.0, 127.4,

127.6, 127.8, 129.0. 129.2, 129.6, 130.0, 133.0, 134.4,
135.1, 142.0, 147.8, 150.4, 162.0, (aromatic C's).

IR

(film from CHCI 3 ); 3390, 3340 cm-i (-NH2 ).

Nitration of poly(arylene ether sulfone), [251
A solution of 4.00 g (0.05 mol) of ammonium nitrate
in 42 mL (0.3 mol) of TFAA was added to 22.10 g (0.05 eq)
of [25] dissolved in 200 mL of chloroform.

The slurry

was stirred at room temperature for 24 h during which
time the inorganic salt dissolved.

The volume of the

reaction mixture was reduced to 100 mL under reduced
pressure before precipitating the product by pouring the
reaction mixture into 1 L of methanol.

The product was

separated by filtration and washed sequentially with 200
mL methanol, 100 mL saturated aqueous NaHC03, 400 mL of
water, and 100 mL of methanol.

After drying in vacuo for

24 h at 45®C, 22.10 g (99.2%) of poly(3-nitroarylene
ether sulfone), [36], D.F.= 1.0, [q] = 0.34 dL/g (CHC13
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1H NMR (CDCla): 1.73 (s, 6H,

2-CHa); 6.89-7.40, 7.50, 7.8-7.9 (m, 15 H, aromatic H's).
13C NMR (CDCla) 30.6 (-CHa); 42.7 (CH3-C-CHa);
120.1,

122.8, 123.9, 128.4, 129.8,

145.3,

145.9, 146.9, 148.8, 153.5,

(aromatic C's).

117.9,

133.3, 136.9, 141.8,
160.8, 161.9,

IR (film from CHCla); 1550, 1360 cm-i

(-NO2 ).

Reduction of poly(3-nitroarylene ether sulfone).
L?61
A

250 round bottomed flask was charged with 3.00 g

(6.16 meq) of [36], D.F.= 1.0, and

30 mL of THF, 0.01 g

of tetrabuty1ammonium chloride, and 5.00 g (22.1 mmol) of
stannous chloride.

After stirring for 30 min at room

temperature, 100 mL of conc.

HC1 was added over a 30 min

interval and stirring was continued for 48 h at 70<>C.
The THF was evaporated and the residue was neutralized
with solid NaOH in an ice bath.

The poly(3-aminoarylene

ether sulfone), [41, was extracted from the residue with
50 mL CHCla, reprecipitated by pouring the CHCla solution
into 500 mL of methanol, and dried in vacuo at 50°C for
16 h.

The product, [4], 1.20 g (42.6%), [»)]= 0.32 dL/g

(CHCla at 30°C) exhibited the following spectra: *H NMR
(CDCls): 1.64 (s, 6H, 2-CHa); 3.69 (b, 2H, -NH 2 );
6.50-7.29, (m, 11 H, aromatic H's); 7.78, 7.86 (d, 4H,
aromatic H's ortho to SO 2 ).

13C NMR (CDC13): 30.8
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(-CH 3 ); 42.4 (CH3-C-CH3) ;

115.6, 116.6, 117.4, 117.7,

119.7, 120.8, 128.4, 129.7, 135.3, 138.3, 139.1, 147.3,
148.6, 152.8, 161.7, 161.9, (aromatic C's).

IR (film

from CHC13); 1620, 3360, 3480 cm-i (-NH 2 ).

Phthalimidomethylation of poly(arylene ether
sulfone), r251
1) Electrophilic Approach.
To a mechanically stirred solution of 22.10 g (0.05
eq.) of [25] in 200 mL of CHC 12 were added dropwise a
solution of 8.85 g (0.05 mol) of N-hydroxymethylphthalimide and 5.0 g of trichloromethanesulfonic acid in
200 mL of trifluoroacetic acid (TFA).
required

1

deep brown.

The addition

h during which time the mixture darkened to a
After stirring for

6

h at room temperature,

the polymer was precipitated in 1.5 L of methanol and
washed sequentially with 400 mL of conc. ammonium
hydroxide, 1.5 L of water, and 1.5 L of methanol. The
poly(3-phthalimidomethylarylene ether sulfone), [40b],
D.F.= 0.5, was isolated as a white powder, 19.90 g
(76.3%), [17]= 0.40 dL/g (CHCls at 30®C).
2)Nucleophilic Approach.
To a mechanically stirred solution of 5.00 g (18.5
meq) of [37], which were prepared by the method of Daly
et al. 165, 1 6 6 , D. F.= 2.0, in 50 mL of DMF was added a
solution of 6.00 g (26.9 meq) of potassium phthalimide in

150 mL of DMF.

After stirring for 10 h at 100©C, the

precipitated salts were removed by filtration, and the
product was isolated by pouring the filtrate into 1 L of
methanol.

After washing with water and methanol, the

precipitate was dried at 45©C for 24 h; 5.50 g, (99.1%)
of the product, [40c], D. F. = 2.0, [tj] = 0.41 dL/g, was
obtained. Spectral data were consistant with quantitative
substitution.
The spectra obtained from samples prepared by either
technique exhibited the following qualitative absorbances
: 1H NMR (CDC13): 1.69 (s, 6H, 2-CH3); 4.76 (s, 4H,
-CHaNPhth); 6.8-7.4 (m, 10 H, aromatic H's); 7.66 (d, 8H,
aromatic H's in phthalimide); 7.7-7.9 (m, 4H, aromatic
H's ortho to S02).

13C NMR (CDCls): 30.9 (-CH3); 38.1

(~CH2 NPhth); 42.4 (CH3 -C-CH 3 ); 117.2, 117.7, 119.8,
120.3, 123.1, 127.5, 128.4, 129.7, 131.7, 134.0, 135.5,
147.1, 152.9, 161.9, (aromatic C's).

IR (film from THF);

1773, 1717 cm-i (phthalimide C=0).

Hydrazinolysis of poly(3-phthalidlmidoarylene ether
sulfone), r40 1
To a solution of [40b], D.F.= 0.5, in 150 mL of THF
and 150 mL of ethanol, were added 3.5 mL (51.6 mmol) of
hydrazine hydrate at 70©C.

After stirring for 18 h at

70©C, the precipitate was recovered by filtration, and
extracted with 300 mL of THF.

The filtrate was
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evaporated and the residue was extracted several tines
with 50 mL of THF.

The extracts were combined, the

volume reduced to 50 mL, and the product precipitated by
pouring the solution into 500 mL of methanol.

The

polymer was washed sequentially with 50 mL of saturated
aqueous NaHC03, 200 mL of water, and 200 mL of methanol,
dried in vacuo at 50®C for 16 h, and 3.50 g (79.9%) of
poly(3-aminomethylarylene ether sulfone), [5b], D.F.=
0.5, [»?]= 0.39 dL/g,

was recovered. *H NMR (CDC13): 1.69

(s, 6H, 2-CHs); 1.92 (b,lH, -NH 2 ); 3.73 (s, 1H, -CH 2NH 2 );
6.78-7.29 (m, 11.5 H, aromatic H's); 7.80-7.89 (d, 4H,
aromatic H's ortho to SO 2 ).

i*C NMR (CDC13): 30.9

(-CH3); 41.8 (-CH2 NH 2 ); 42.5 (CH3-C-CH3);

115.3, 117.1,

117.7, 120.0, 125.8, 128.4, 129.7, 135.6, 147.1, 153.0,
162.0, (aromatic C's).

IR (film from CHCI 3 ); 3400 cm-i

(-NH2 ).

Reduction of poly(2-cyano-l,3-phenylene arylene
ether), [45]
25 mL of a 1.0 M solution of LiAlH* in THF was
cooled to 0°C before adding a solution of 1.64 g (5.0
meq) of [45] in 120 mL of THF. The resulting slurry was
stirred for 24 h at 0°C, refluxed for 1 h, recooled to
5°C, and the excess LiAlHi decomposed with 2 mL of water.
The volume of the solution was reduced to 25 mL before
pouring the mixture into 500 mL of 5% HC1 to dissociate
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the amine aluminum salt complex and precipitate the
polymer. The polymer was recovered by filtration,
reslurried in 20 mL of water and the pH adjusted to 9
with NaOH.

After recovery of the neutralized polymer, it

was dried in vacuo, redissolved in CHC13, and
reprecipitated using water as non-solvent.

Final drying

in vacuo for 24 h, at 35<>C left 1.2 g (72.3%) of
aminomethylated polymer, [6 ], [17] (CHCla) = 0.3 dL/g.
NMR (CDC13): 1.67-1.85 (b,

8 H,

*H

2CHs and NH 2 ); 3.91 (s,

2H, -CH 2 -N); 6.66-7.23 (m, 11H, aromatic H's).

13C NMR

(CDC13): 30.95 (-CH3 ); 35.47 (-CH2 -NH 2 ); 42.02
(CH3-C-CH3); 114.0, 117.7, 128.0, 145.4, 155.2, 157.0
(aromatic C's).

Analysis: Calc'd for C 2 2 H 2 1 NO 2 : C,

79.73; H, 6.39; 0, 9.65; N, 4.23. Found: C, 79.33; H,
6.42; 0, 9.9; N, 4.07.

Preparation of AMPS-ICEMA adduct, r41b]
To a solution of 3.75 g (3.47 meq) of poly(3-aminomethylarylene ether sulfone, [5b], (D.F.= 0.5) in 100 mL
of chloroform were added 2.47 g (15.90 meq) of [20] with
vigorous stirring at room temperature.

Immediately

following the addition of [2 0 ], the solution became
cloudy.

The reaction was allowed to proceed for 24 h at

room temperature before the volume of the solution was
reduced to about 20 mL under reduced pressure, and the
adduct was precipitated with 100 mL of methanol.

After

washing with methanol and drying in vacuo for 48 h, 4.95
g (99.3%) of white, powdery AMPS-ICEMA adduct, [41b],
were recovered. iH NMR (DMSO-de) as shown on Figure 3-11:
1.64 (s, 6H, CH3-C-CH3); 1.82 (s, 1.5H, CH3-C=CH2); 3.24
(t, 1H, -CH 2 -NH); 3.99 (t, 1H, -CH20C(0)); 4.06 (s, 1H,
benzylic CH 2 ); 5.61, 6.01 (s, IH, =CH2 ); 6.09, 6.30 (b,
1H, NH); 6.99, 7.07, 2.45, 7.33, 7.87, 7.95 (m, 15H,
aromatic H's).

*3C NMR (DMSO-de) as shown in Figure

3-12: 17.75 (CH3-C=CH2); 30.37 (CH3 -C-CH3); 38.21
(benzylic and CH 2 N), 41.82 (CH3 CCH 3 ); 63.86 (-CH2 O);
125.54 (CH2 =); 135.71 (CH3-C=); 157.72 (ureado C=0);
166.36 (ester); 117.16, 117.67, 119.58, 126.68, 127.04,
128.25, 129.66, 134.91, 135.08, 146.67, 149.53, 152.24,
161.29 (aromatic C's).

IR (film from CHCls): 1551 (urea

NH); 1634 (urea C=0); 1735 cm-* (ester).

General procedure of graft copolymerization of r41]
with vinylic monomers
A solution of 0.50 g (0.46 meq) of [41b] and the
desired amount of vinylic monomer(styrene, acrylonitrile,
or methyl acrylate) in 25 mL of THF-water (4:1 v/v) was
heated at 55°C for 24-120 h under nitrogen with 1.5
mole-% / total monomer of KPS and 3.0 mole-% of 18-crown
ether-6.

The viscous solution was precipitated in a 200

mL of methanol, filtered and dried in vacuo for 24 h.
When it was possible, the residue was extracted with 100
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mL of a suitable solvent for the homopolymer.

The

remaining graft copolymer was dried in vacuo for 48 h.
The detailed results for these graft copolymerizations
are shown in Table 3-2 to Table 3-5.

5.5. Experimental for Chapter 4
Preparation of Macroinitiators
Aminopropylcellulose, [1] was prepared from
cellulose by cyanoethylation, D.S. = 0.3, followed by
reduction of the nitrile to the amino group, 1.6 meq/g
NH 2 , with a borane-THF complex (1.0 M in THF) (Chapter
1-3).

Direct phtha1imidomethylat ion of poly(arylene

ether sulfone), [25], was carried out at room temperature
in a 50:50 v/v mixture of DCM-TFA using a trifluoromethanesulfonic acid catalyst; by varying the ratio of
N-hydroxymethylphtha1imide to [25], the D.F. was
controlled to yield
respectively.

[40a-c], D.F. = 0.2, 0.5, or 1.0,

Subsequent homogeneous hydrazinolsis of

[40] in refluxing THF-ethanol yielded poly(3-aminomethylarylene ether sulfone), [5a-c], 0.447, 1.095, or 2.123
meq/g NH 2 (Chapter 3-2-2).

Poly(3-aminoarylene ether

sulfone), [4], D.F. = 0.3 (0.67 meq/g NH 2 ) was prepared
by nitration*®* of [25], and reduction of the nitro
substituents with SnCl 2 and concentrated HC1 (Chapter
3-2-1).

Poly(2-aminoHiethy 1-1,3-phenylene arylene ether),

[6], was prepared by reduction of poly(2-cyano-l,3-
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phenylene arylene ether), [45], with L1A194 (Chapter
3-3).

Synthesia of HCA of y-benzyl-L-glutamate. BLG-HCA
Using the procedure of Goodman2•?, 25 g (105 mmol)
of BLG were suspended in 250 mL of dried THF and treated
with 80 mL of phosgene solution in toluene (2.0 M) at
65©C for 2 h.
hexane.

The clear solution was poured into 1 L of

Crystallization began almost immediately and was

completed over 2 days at -20©C.

Bapid filtering, washing

with 500 mL of hexane, and drying in vacuo at 25©C for 24
h, gave 25 g (89.7%) of white crystalline BLG-HCA; mp 9596©C: iH HMR (CDCls) shown on Figure 5-1; 2.20 (m, 2H,
/8 -CH 2 ), 2.57 (t, 2H, y - C H 2 ) , 4.38 (t, IH, a-CH), 5.12 (s,
2H, benzylic GHz), 6.92 (b, IH, amide HH), 7.34 (5H,
aromatic H). i*C HMR (CDCls) in Figure 5-2; 26.8 (/3-CH2 ),
29.6 (y-CH2 ), 56.8 (a-CH), 67.0 (benzylic CH 2 ), 128.2,
128.5, 128.6, 135.3 (aromatic C's), 152.07 (H-C(O)-O),
169.4, 172.2 (ester and C(0)-0-C(0)).

IR (HaCl); 1865,

1790 cm-i.

Graft copolymerlzations of BLG-HCA with macroinitiators, [1], [2], [4], [5], and [6]
0 -(3-Aminopropy 1 )cellulose.

[ 1 ], containing

1.6

meq/g HH 2 , was slurried in 20 mL anhydrous THF and
stirred at room temperature while a solution of BLG-HCA
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Figure 5-2. 25.18 MHz 13C NMR spectrum of N-carboxyanhydride of
y-benzyl-L-glutamate (CDCls, 2 9 8 ° K ) .
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in 10 mL THF was added.

Graft copolynerization was

allowed to proceed at roos temperature for 48 h.

After

reducing the volume of the mixture to a third under
reduced pressure and pouring the slurry into ten-fold
excess cold MeOH, the graft copolymers, [46a-e], were
recovered by filtration and dried at 25©C under vacuum
for 24 h.

The results are summarized in Table 4-1.

6-amino-6-deoxycellulose acetate, [2], containing
0.47 meq/g NH 2 , was dissolved in hot DMF, before adding
the BLG-NCA solution in DMF at room temperature.

The

graft copolymerization was then proceeded in the
homogeneous solution.

After stirring for 48 h at roon

temperature, the solution was precipitated into 100
water.

b

L

White fiber-like products, [47a-f], were obtained

after feeze-drying.

Complete results are tabulated in

Table 4-2.
The aminated poly(arylene ether) derivatives. [4],
[5], and [6], were dissolved in anhydrous THF before
adding the BLG-NCA solution.

The copolyBerizations

remained homogeneous except when the BLG-NCA/NH 2 ratios
were greater than 15.

The copolymers were isolated as

described above; the results are reported in Tables 4-3
to 4-6.

of
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Modification of Graft Copolymers, rS2al
Aminolysis of T52a1 with trie(hydroxyMethyl)aminoa e th a n e

Graft copolymer [52a] nas converted to the
corresponding poly[(aminomethylarylene ether sulfone)-g(N®-tris(hydroxymethy1)methyl-L-glutamine)], [53], by
stirring a solution of 2.00 g (4.4 meq) of the copolymer
in 40 mL of DMSO with 10.66 g (88 mmol) of tris(hydroxy
methyl )aminomethane at 65<>C in the presence of 1.13 g
(8.4 mmol) of 1-hydroxybenzotriazole: After 120 h of
stirring at 65<>C, dialyzing with running water for 48 h,
and then freeze-drying, a completely water-soluble graft
copolymer, [53d], was obtained.
summarized in Table 4-7.

The other results are

The *H NMR and IR spectra for

amidated products, [53a]-[53d], are shown in Figure 4-9
and 4-10.

The extent of aminolysis was estimated by *H

NMR(DMSO-de) using the resonances at 5.04 ppm (benzylic
CH 2 of PBLG), 1.64 ppm (CHs of polysulfone backbone)
under the assumption of no peptide chain cleavage.

Aminolysis of f52al with n-butylamine
Graft copolymer [52a] was converted to the
corresponding poly[(3-aminomethylarylene ether sulfone)g-(N5-butyl-L-glutamine)], [54], by stirring a solution
of the copolymer (0.1 meq benzyl ester/2 mL solvent) in
12.5 V/V% DMSO-THF with the designated amount of n-buytl
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amine at 55<»C in the presence or absence of
1-hydroxybenzotriazole.

The results and experimental

conditions are summarized in Tables 4-8 to 4-10.

The

extent of aminolysis and peptide cleavage was estimated
by iH NMR(DMSO-de) using the resonances at 5.04 ppm
(benzylic CHs of PBLG), 1.64 ppm (CHs of polysulfone
backbone) and 0.79 ppm (CHs of butyl group).

Hydrolysis of T52a1 with HaOH
Hydrolysis of [52a] with NaOH was carried out as
follows: Into a solution of 2.00 g of [52a] in 20 mL of
THF were added 10 mL of 1.25N aqueous HaOH at room
temperature.

After stirring for 5 h at room temperature,

evaporating the THF under reduced pressure, dialyzing the
residue with running water for 48 h, and freeze-drying,
1.21 g of poly[(3-aminomethylarylene ether sulfone)-g- (Lglutamic acid)], [55], was obtained as white fine powder.
IH NMR (DMSO-de) shows complete disappearance of the
benzylic CHs peak at 5.04 ppm.
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